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Abstract 
 

 

Signal control systems have experienced tremendous development both in hardware and 

in control strategies in the past 50 years since the advent of the first electronic traffic 

signal control device. The state-of-art real-time signal control strategies rely heavily on 

infrastructure-based sensors, including in-pavement or video based loop detectors for 

data collection. With the emergence of connected vehicle technology, mobility 

applications utilizing vehicle to infrastructure (V2I) communications enable the 

intersection to acquire a much more complete picture of the nearby vehicle states. Based 

on this new source of data, traffic controllers should be able to make “smarter” decisions. 

This dissertation investigates the traffic signal control strategies in a connected vehicle 

environment considering mobility as well as safety. A system architecture for connected 

vehicle based signal control applications under both a simulation environment and in the 

real world has been developed. The proposed architecture can be applied to applications 

such as adaptive signal control, signal priority including transit signal priority (TSP), 

freight signal priority (FSP), emergency vehicle preemption, and integration of adaptive 

signal control and signal priority.  

Within the framework, the trajectory awareness of connected vehicles component 

processes and stores the connected vehicle data from Basic Safety Message (BSM). A 

lane level intersection map that represents the geometric structure was developed. 

Combined with the map and vehicle information from BSMs, the connected vehicles can 

be located on the map. Some important questions specific to connected vehicle are 
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addressed in this component. A geo-fencing area makes sure the roadside equipment 

(RSE) receives the BSM from only vehicles on the roadway and within the Dedicated 

Short-range Communications (DSRC) range. A mechanism to maintain anonymity of 

vehicle trajectories to ensure privacy is also developed. 

Vehicle data from the trajectory awareness of connected vehicles component can be used 

as the input to a real-time phase allocation algorithm that considers the mobility aspect of 

the intersection operations. The phase allocation algorithm applies a two-level 

optimization scheme based on the dual ring controller in which phase sequence and 

duration are optimized simultaneously. Two objective functions are considered: 

minimization of total vehicle delay and minimization of queue length. Due to the low 

penetration rate of the connected vehicles, an algorithm that estimates the states of 

unequipped vehicles based on connected vehicle data is developed to construct a 

complete arrival table for the phase allocation algorithm. A real-world intersection is 

modeled in VISSIM to validate the algorithms. 

Dangerous driving behaviors may occur if a vehicle is trapped in the dilemma zone which 

represents one safety aspect of signalized intersection operation. An analytical model for 

estimating the number of vehicles in dilemma zone (NVDZ) is developed on the basis of 

signal timing, arterial geometry, traffic demand, and driving characteristics. The 

analytical model of NVDZ calculation is integrated into the signal optimization to 

perform dilemma zone protection.  Delay and NVDZ are formulated as a multi-objective 

optimization problem addressing efficiency and safety together. Examples show that 

delay and NVDZ are competing objectives and cannot be optimized simultaneously. An 

economic model is applied to find the minimum combined cost of the two objectives 
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using a monetized objective function. In the connected vehicle environment, the NVDZ 

can be calculated from connected vehicle data and dilemma zone protection is integrated 

into the phase allocation algorithm.  

Due to the complex nature of traffic control systems, it is desirable to utilize traffic 

simulation in order to test and evaluate the effectiveness and safety of new models before 

implementing them in the field. Therefore, developing such a simulation platform is very 

important. This dissertation proposes a simulation environment that can be applied to 

different connected vehicle related signal control applications in VISSIM. Both 

hardware-in-the-loop (HIL) and software-in-the-loop (SIL) simulation are used. The 

simulation environment tries to mimic the real world complexity and follows the Society 

of Automotive Engineers (SAE) J2735 standard DSRC messaging so that models and 

algorithms tested in the simulation can be directly applied in the field with minimal 

modification. Comprehensive testing and evaluation of the proposed models are 

conducted in two simulation networks and one field intersection. 

Traffic signal priority is an operational strategy to apply special signal timings to reduce 

the delay of certain types of vehicles. The common way of serving signal priority is based 

on the “first come first serve” rule which may not be optimal in terms of total priority 

delay. A priority system that can serve multiple requests with different priority levels 

should perform better than the current method. Traditionally, coordination is treated in a 

different framework from signal priority. However, the objectives of coordination and 

signal priority are similar. In this dissertation, adaptive signal control, signal priority and 

coordination are integrated into a unified framework. The signal priority algorithm 

generates a feasible set of optimal signal schedules that minimize the priority delay. The 
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phase allocation algorithm considers the set as additional constraints and tries to 

minimize the total regular vehicle delay within the set. Different test scenarios including 

coordination request, priority vehicle request and combination of coordination and 

priority requests are developed and tested.  
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Chapter 1 Introduction 

 
 
 

1.1 Background 

Mobility and safety have been two of the major focuses in urban transportation 

operations for over 60 years. Due to urbanization and population growth, traffic 

congestion within urban area continues to get worse. In 2011, the total traffic delay was 

estimated to be 5.52 billion hours at a total cost of $121.2 billion (Schrank et al., 2012) in 

the United States. The total delay and cost have increased over 400% during the past 30 

years (Schrank et al., 2012). Although the fatality rate keeps dropping in the past decade, 

still there were 32,719 people died in traffic crashes and an estimated 2.31 million were 

injured in 2013 in the U.S. (Traffic Safety Facts 2013 Data, 2014), among which about 

40% were intersection related (Choi, 2010). As part of urban transportation operations, 

signalized intersection control plays an important role to ensure both mobility and safety 

for different modes of travelers including passenger vehicles, transit vehicles, emergency 

vehicles, freight vehicle as well as bicyclists and pedestrians. 

 

1.1.1 Traffic Signal Control 

The most common way to control the traffic flows at an intersection is through traffic 

signals. It has been almost 150 years since the first prototype colored traffic signal light 

was installed in Westminster, England in 1868 (Webster and Cobbe, 1966a). Signal 

control systems have experienced tremendous development both in hardware and in 

control strategies. Currently, there are three major traffic control strategies: fixed-time, 
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actuated and adaptive operating at about 311,000 traffic signals around the U.S. (2012 

National Traffic Signal Report Card Technical Report, 2012). 

Fixed-time control systems utilize historical traffic data to create timing plans for 

different times of the day (TOD) to address the demand fluctuation. It is assumed that 

within the entire time period of a particular plan, the traffic demand remains similar. 

However in reality, the traffic demands may fluctuate quickly due to incidents and may 

change slowly over time due to changes in land usage and other factors. Both actuated 

and adaptive control strategies have been developed to address this problem in real-time. 

Actuated control collects real-time data from infrastructure-based sensors, e.g. loop-

detectors, video detectors, or radar, and applies a simple logic that includes phase calls, 

green extension, gap out, and max out to make control decisions. Current adaptive control 

strategies utilize similar real-time sensor traffic data to predict near future traffic 

conditions and seek an optimal timing based on a defined objective function to make 

control decisions. 

Although significant progress has been made in development and deployment of traffic 

signal systems, there are still many opportunities to improve overall performance, 

especially for different modes of travelers. According to the 2012 National Traffic Signal 

Report Card (2012 National Traffic Signal Report Card Technical Report, 2012), the 

overall score of the current traffic signal system was rated as a D+. Traffic monitoring 

and data collection which is critical to the performance of traffic signals was rated as an 

F. The current monitoring and data collection system relies mostly on infrastructure-

based sensors which have high installation and maintenance costs and a high rate of 



21 
 

failure. With the emergence of connected vehicle technology, data from connected 

vehicles can be utilized for traffic control. 

 

1.1.2 Connected Vehicles 

The term connected vehicles refer to vehicles equipped with wireless communication 

devices that are able to communicate with other vehicles (V2V) and the infrastructure 

(V2I). The wireless communication is based on Dedicated Short Range Communication 

(DSRC) which is fast, secure, and reliable and operates at the 5.9GZ spectrum (Andrews 

and Cops, 2009). The Society of Automotive Engineers (SAE) has established a set of 

DSRC message dictionary standards for both V2V and V2I applications. The message set 

includes a Basic Safety Message (BSM), a Signal Phasing and Timing Message (SPaT), a 

MAP Message (MAP), a Signal Request Message (SRM), a Signal Status Message 

(SSM) and other messages for other applications (SAE International, 2009).  In addition 

to DSRC, the global positioning system (GPS) is available for obtaining an estimation of 

real-time vehicle location and plays an important role in connected vehicle applications. 

Similar to the Internet, which provides broad connectivity to computers, connected 

vehicle technology provides transportation connectivity that has the potential to transform 

the way people drive and travel. 

The USDOT has suggested that connected vehicle technologies can be applied to areas of 

safety, mobility and the environment (US DOT Intelligent Transportation Systems Joint 

Program Office, 2014). Through an in-car information and warning system, connected 

vehicles have awareness of the surrounding driving situation enriched by V2V 

communication. Drivers will be alerted to avoid dangerous situations such as abrupt 
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change of speed of the leading vehicle. Through V2I communication, the infrastructure is 

able to receive information such as speed, location and heading from all nearby 

connected vehicles. At the same time, vehicles are able to receive current signal status, 

such as remaining green time and estimated time to green. Based on this information, the 

infrastructure can implement a variety of applications such as providing priority signal 

timing for priority eligible vehicles, allocating green time for all general vehicles, 

monitoring performance observation in real-time, and providing dilemma zone 

protection. Both safety and mobility of the intersection can be improved through 

connected vehicle technology. 

The National Highway Safety Administration (NHTSA) has recommended that the 

federal government mandate that all new light vehicles be equipped with connected 

vehicle technology for safety applications (Cullen, 2014). General Motors (GM) 

announced that their 2017 Cadillac CTS will be equipped with a DSRC radio at the 2014 

ITS World Congress (Detroit, MI, September 8th – 12th, 2015) and it is believed that other 

auto manufactures will equip their vehicles with the capability to send and receive DSRC 

messages as well. Connected vehicle technology is one of the most important 

developments in vehicle technology and has the potential to change the paradigm of 

transportation in the next few decades. 

 

1.1.3 MMITSS 

This dissertation is part of the multi model intelligent traffic signal system (MMITSS) 

project. MMITSS is a USDOT Cooperative Transportation Systems Pooled Fund project 

that focuses on connected vehicle Dynamic Mobility Applications (DMA). The goal of 
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the project is to develop and field test the next generation of traffic signal systems in a 

connected vehicle environment that serves multimodal travelers including general 

vehicles, transit, emergency vehicles, fright vehicles, and pedestrians. The project 

consists of four main parts: Intelligent Traffic Signal System (ISIG), Signal Priority 

(Transit - TSP, Freight - FSP, Emergency Vehicle - EVP), Mobile Accessible Pedestrian 

Signal System (PED-SIG) and a real-time performance observer (PERF-OBS). 

I-SIG provides real-time adaptive signal control to general vehicles and is the focus of 

this dissertation. Signal Priority provides priority to different modes of vehicles including 

transit, trucks and emergency vehicles. The integration of I-SIG and Signal Priority will 

be introduced in Chapter 8. PED-SIG includes a smartphone application that can send 

pedestrian signal request and provide assistance to disabled pedestrians. PERF-OBS 

monitors all the users (modes) on the road and collects real-time performance data by 

movement and by mode including travel time, delay, queue length, and other key 

performance indicators.  

More information about the project and other DMA projects can be found at: 

http://www.its.dot.gov/dma/dma_development.htm 

 

1.2 Motivation 

The state-of-art signal control strategy is adaptive signal control. Current adaptive control 

systems rely solely on infrastructure-based sensors, including in-pavement or video based 

loop detectors to collect data. There are two limitations to using loop-based detection. 

First, loop detectors are point detectors that only provide instantaneous information when 

a vehicle is passing over the detector. There is no direct measurement of vehicle mode or 
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states (location, speed, acceleration) when a vehicle passes the detector. Second, the 

installation and maintenance cost of the detection system is considered high. If one or 

more loop detectors are malfunctioning, the performance of the adaptive signal control 

system can be degraded significantly. 

With connected vehicle technology, mobility applications utilizing V2I communication 

enable the intersection to acquire a much more complete picture of the vehicle states. 

Data from connected vehicles provide real-time vehicle location, speed, acceleration and 

other vehicle information. Based on this new source of data, traffic controllers should be 

able to make “smarter” decisions. Collecting connected vehicle data depends on a single 

infrastructure device (radio) and is significantly less expensive to install and maintain 

than a suite of detectors (e.g. video or loop). If one or more connected vehicles can’t 

communicate to the intersection due to a communication failure, it will only decrease the 

penetration rate slightly and will have a small impact on the system performance. If the 

infrastructure based device fails, the intersection returns to the current state of the 

practice actuated or fixed time control. 

 

1.3 Research Scope Statement 

This dissertation investigates traffic signal control strategies in a connected vehicle 

environment considering mobility as well as safety. The dissertation presents a new 

traffic control system architecture and control algorithms for use in a connected vehicle 

system. The new architecture, and algorithms, are tested under both simulated and the 

real world (field) conditions. The specific research scopes of the dissertation are as 

follows: 
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• Trajectory Awareness of Connected Vehicles 

A connected intersection receives Basic Safety Messages (BSM) that are broadcast by 

each connected vehicle every 100ms. It is important to store and process this data 

properly for different applications including adaptive signal control, priority signal 

control and real-time performance observation. These applications require additional 

information that is not contained in the BSM, such as the requested service phase or 

estimated time of arrival (ETA). The trajectory awareness of connected vehicles 

component is responsible for calculating or estimating information from received BSMs. 

An intersection MAP that describes the geometric structure needs to be built and 

associated with signal phases to estimate vehicle states.  

• Intelligent Phase Allocation 

Data collected from connected vehicles is different from traditional loop detector data 

used in other traffic control strategies. It provides a complete history of the vehicles’ 

trajectory while it is within the DSRC communication range. The development of 

methodologies to process the data and the design of a real-time signal phase allocation 

algorithm are specifically addressed in this dissertation. The real-time phase allocation 

algorithm can optimize the signal timing for the standard dual-ring-barrier signal 

controller, which might include overlaps. One of the major problems with the reliance of 

connected vehicle data for signal control is that the penetration rate of connected vehicles 

will be low in the near future. It is essential to infer the unequipped vehicle’s information 

(e.g. location, speed) based on connected vehicle data and traditional vehicle detector 

data when it is available.  

• Dilemma Zone Protection 
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Dilemma zone protection represents the safety aspect of signal operations. Rather than 

eliminating the physical dilemma zone, it is better to reduce the number of vehicles 

entering dilemma zone. In order to do that, the number of vehicles in the dilemma zone 

(NVDZ) needs to be estimated using either an analytical model or connected vehicle data. 

The NVDZ calculation should be integrated into signal optimization to achieve combined 

minimum cost of mobility (e.g. minimization delay) and safety (minimization NVDZ). 

• Integration with Signal Priority 

The intelligent phase allocation algorithm is used to allocate green time for regular 

passenger vehicles and for priority vehicles that are not in a priority state - such as a bus 

that is on time or an EV that is returning to the station or on patrol. When priority 

vehicles (e.g. transit, trucks, emergency vehicles, and pedestrians) are approaching at the 

intersection, the signal priority algorithm will augment the phase allocation algorithm to 

ensure the minimal delay for those priority vehicles with accommodation of pedestrian 

requirements and coordination considerations (which is considered a form of priority). 

The objective of the priority algorithm is to maximize the available actuation time 

without influencing the priority delay. The phase allocation algorithm should be able to 

distribute the available actuation time, or flexible time, to different phases as traffic 

demands change. After priority vehicles leave the intersection, the phase allocation 

algorithm needs to be solved again to manage the impacts of the priority control 

decisions, which might negatively affect non-priority traffic. Integration of the two 

algorithms is important to make the conversion efficient and smooth. 

• Connected Vehicle Simulation Environment 
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A simulation environment for connected vehicle systems is developed to test and validate 

the algorithms for connected vehicle based signal control applications before they are 

tested and deployed to the field. Microscopic simulation has been used to model the 

individual vehicle behaviors. The simulation environment is constructed to replicate the 

real world situation as closely as possible including the communication between the 

vehicle and the infrastructure, standard message transmission, DSRC range calibration, 

GPS error modeling and other factors. Hardware-in-the-loop simulation involving a real 

traffic controller, real on-board equipment (OBE), and roadside equipment (RSE) is 

included in the development of the simulation environment. 

 

1.4 Dissertation Organization 

The remaining chapters of the dissertation are organized as follows: 

Chapter 2 presents a comprehensive literature review of traffic signal control including 

the three current control schemes: fixed-time, actuated and adaptive as well as recent 

advancement in traffic control based on connected vehicles.  

Chapter 3 introduces the system architecture of the intelligent traffic control in a connect 

vehicle environment. The standard SAE J2735 DSRC messages used throughout the 

system are introduced first. Major components of both the hardware and software are 

presented with architecture diagrams. Hardware components include the signal controller, 

roadside equipment (RSE) and vehicle on-board equipment (OBE). Software components 

include DSRC message transmission, adaptive signal control component, signal priority 

component and integration of adaptive signal control and signal priority. 
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Chapter 4 presents the trajectory awareness of connected vehicles. First, the MAP 

construction is introduced followed by the “locating vehicle on the MAP” algorithm. 

Some important questions specific to connected vehicle are addressed. Geo-fencing areas 

ensures the RSE receives BSMs from vehicles on the roadway and not in nearby parking 

lots or driveways. A mechanism to maintain the anonymity of vehicle trajectories to 

ensure privacy is also illustrated. 

Chapter 5 focuses on the phase allocation algorithm. The algorithm consists of two parts. 

Section 5.2 describes the dynamic programming based phase allocation algorithm and 

Section 5.3 addresses the market penetration challenge. An algorithm named Estimation 

of Vehicle Location and Speed (EVLS) is developed to estimate unequipped vehicle 

status from connected vehicle data. Section 5.4 integrates the two algorithms and 

provides the realization framework. 

Chapter 6 deals with the dilemma zone (DZ) protection. First, driving behaviors in 

dilemma zones are analyzed (Section 6.2) from both field and simulated data. Then an 

analytical model for estimating the number of vehicles in the dilemma zone (NVDZ) is 

presented (Section 6.3). The application of DZ protection is integrated into both fixed-

timed coordinated signal control and the connected vehicle based adaptive signal control 

in Section 6.4. 

Chapter 7 provides the assessment and evaluation of the proposed phase allocation 

algorithm and EVLS in both a simulation environment and in a real-world test network. 

First, the development of simulation environment will be introduced including hardware 

in the loop (HIL) and software in the loop (SIL) simulation, generating BSM/SRMs using 

the VISSIM drivermodel.dll API. To replicate GPS errors in the field, GPS errors in the 
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simulation environment are modeled. VISSIM models are built based on the test 

networks in Anthem, Arizona and El Camino Real, California. Different scenarios are 

developed to test and validate the proposed models. The second part of the chapter 

designs field test cases based on limited number of connected vehicles. The results from 

real-world testing are presented. 

Chapter 8 focuses on the integration of adaptive signal control with signal priority. The 

phase allocation algorithm, transit signal priority and coordination are integrated in a 

unified framework. Coordination is considered as a special form of priority. Test 

scenarios are developed to validate the integrated algorithms and results are presented. To 

address the low market penetration rate issue, vehicle actuation logic is added to 

connected vehicle data to better allocate green times due to demand fluctuation when 

there are only a few connected vehicles.  

Chapter 9 provides summaries and contributions of the dissertation and shows the 

directions for further research. 
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Chapter 2 Literature Review 

 
 
 

This chapter gives a comprehensive literature review of traffic signal control including 

the following topics: 

1. Fixed-time signal control 

2. Actuated signal control 

3. Adaptive signal control 

4. Dilemma zone protection 

5. Connected/Automated vehicle based signal control 

 

2.1 Fixed-time Signal Control 

Fixed-time signal control utilizes historical data to generate signal plans that don’t require 

vehicle detection. This control strategy is cyclic and serves each phase in a fixed order. 

The duration of each phase is a fixed amount of time, called the phase split, and the total 

time for serving all phases once is a cycle length. Fixed-time signal control has been 

studied for over 60 years. 

 

2.1.1 Fixed-time control – Isolated Intersection 

Webster (Webster and Cobbe, 1966b)(Webster, 1958) was one of the first to analyze the 

signal control problem mathematically by utilizing computer simulation. His proposed 

average delay function and optimal cycle length have served as the basis for many 
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algorithms and is probably the most quoted reference for traffic signal control. Later, 

Allsop formulated the delay-minimization problem of an isolated intersection as a convex 

mathematical problem (Richard E. Allsop, 1971) and solved it using a Fortran based 

computer grogram named SIGSET (R. E. Allsop, 1971a). He showed how the constraints 

imposed on the signal settings and estimated delay per unit time can be expressed in a 

diagram in simple cases (R. E. Allsop, 1971b).  

The daily variation in traffic demand significantly influence how traffic signals can and 

should operate. Different signal timing plans should be implemented to address different 

demand levels. As a result, some methods divide traffic demands by different times of 

day and assume that it is a constant during each time period every day (e.g. morning peak 

hour). This signal control strategy is referred to as time of day (TOD) plan-based control.  

However in reality, the traffic demand can fluctuate quickly and doesn’t remain constant 

for long periods of time. To address these fluctuations, current practice includes traffic 

responsive signal control (Abbas and Abdelaziz, 2009), where the current (or near past) 

traffic pattern is matched to a set of predetermined patterns for which signal timing plans 

have been developed. The best fit pattern is used to select the signal timing plan for a 

defined time period, such as fifteen minutes.  

If the signal control is executed under a time of day schedule or through a traffic 

responsive plan selection, then the signal control plans need to be switched from one to 

another which may disrupt the current traffic flow due to plan transition and may result in 

significant delay. The time period from the previous plan to the next plan is called 

transition period. The same situation can happen after emergency vehicle preemption. 

After preemption, the signal needs to return to the original plan through the transition 
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process. Several studies (Shelby et al., 2006)(Cohen et al., 2007)(Pohlmann and 

Friedrich, 2010) compared the performance of different transition strategies with respect 

to vehicle delay. The transition strategies compared include dwell, max dwell, add, 

subtract and shortway. In general, shortway outperformed all other strategies and dwell 

exhibited higher delays. It was better to execute the transition over two or three cycles to 

reduce delay (Shelby et al., 2006). 

Robust signal optimization considers the fluctuation of traffic demand and is applied to 

address the demand uncertainty. Some researchers (J.-Q. Li, 2011) (Yin, 2008) (Zhang et 

al., 2010) have proposed models to deal with day-to-day demand fluctuation. The 

proposed models maintained stable performance under worse case scenarios (highest 

anticipated demand). Lin et al. (Lin et al., 2011) switched among a finite set of fixed 

timing plans with a common cycle length in real time . The decision is made based on the 

queue state in the previous cycle. 

Traditionally, the lane-markings are considered as predetermined exogenous variables in 

signal optimization. Wong and Wong (Wong and Wong, 2003) proposed a lane-based 

optimization framework which simultaneously optimizes the signal timing and lane 

markings. The lane-marking design considered both safety and mobility and the 

optimization problem is formulated as a binary-mix-integer-linear-programs (BMILP) 

and solved by standard branch-and-bound methods. The delay minimization problem is 

formulated as binary-mix-integer-nonlinear-programs (BMNILP) because the delay 

functions are nonlinear (Wong C.K. et al., n.d.). The lane-based optimization concept 

resulted in some dynamic-lane assignment applications that are useful for unbalanced 

traffic flows during different time periods of the day. Zhao et al. (Zhao et al., 2013a) 
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proposed a two-stage model for dynamic lane assignment where the first stage determines 

the lane movement and the second stage determines the optimal signal plan. Zhang and 

Wu considered shared lanes and user equilibrium status for lane use to minimize the 

maximum lane flow ratio (Zhang and Wu, 2012).  

In additional to the traffic control, the geometric design of signalized intersections plays a 

very important role in signal operations. Left turn movements perform significantly 

different than through movements and should be studied independently. Ozmen et al. 

(Ozmen et al., 2009) provided guidance for left-turn signal control settings (protected, 

permitted, or both) using a multi-criterion decision matrix. Tian et al. (Tian et al., 2008) 

did similar research and found that lead-lag phasing had a significant advantage over the 

leading or lagging left turn phasing under progression bandwidth maximization. To give 

further guidance for left-turn lane design Yang and Zhou (Yang and Zhou, 2011) 

proposed an analytical method to determine the length of left-turn lanes at signalized 

intersections. The length of the left-turn lane consisted of two parts: queuing length and 

deceleration length. Their method generally resulted in shorter left-turn lanes compared 

with the recommended value from AASHTO (AASHTO, 2004) that satisfied both safety 

and operational needs. Because of the relatively short length of the left turn bay, during 

high left turn demands, the turning bay may be blocked by residual queues from adjacent 

through lanes. Reynolds et al. (Reynolds et al., 2011) investigated the influence of left-

turn bay blockage and spillback and Yin et al. (Yin et al., 2010) conducted a theoretical 

analysis of left-turn operations under heavy traffic to protect the left-turn capacity. 

Another practical way to increase the left-turn capacity is to set up a left turn waiting area 

beyond the stop bar with lagging protected left-turn phases (Yang et al., 2013). Vehicles 
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waiting for the left turn are allowed to enter the area when the leading through movement 

is green. Field tests showed the waiting areas increase the capacity of the left-turn lanes. 

This design has been widely implemented in China and in U.S. many drivers behave in a 

similar way. 

Yellow change and red clearance times are used to indicate the change of phases and 

ensure intersection safety. Liu et al. (Liu et al., 2002) developed an analytical model for 

designing left-turn yellow change and red clearance intervals. Factors such as safety, 

perception, comfort, driver’s behavior, signal timing and traffic ordinances were taken 

into account. The yellow change interval of a left-turn movement usually requires longer 

times than the through movement. The red clearance interval was derived by average 

curvature and magnitude of acceleration. Muller et al. (Muller et al., 2004) conducted 

similar research and the red clearance estimated by their model was shorter than the value 

suggested by the ITE manual.  

Pre-Signals are a new method to increase the capacity of the signalized intersection by 

adding a pre-signal at mid-block locations (Xuan et al., 2011). In such cases, left-turn and 

through movement traffic demand can utilize all the intersection lanes to increase 

capacity. The design of pre-signals is applied to signal optimization (Ma et al., 2013), 

dynamic usage of exit lanes (Zhao et al., 2013b) and transit signal priority (Guler and 

Menendez, 2014).  
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2.1.2 Fixed-time control – Coordination 

Long before Webster, people noticed that if a string of signals can be set properly, a 

driver may not need to stop along the street when driving at a proper speed after 

departing the first intersection (Marsh, 1927). Today the concept is referred to as signal 

coordination or progression. Since the 1960s, researchers (Hillier and Rothery, 

1967)(Bavarez and Newell, 1967)(Allsop, 1968) started to apply mathematical 

programming technique to solving coordination signal control problems. Most of the 

existing studies can be classified into two categories: maximizing the bandwidth and 

minimizing some performance indices including total vehicle delay, number of stops, 

average travel time, or a combination of these indices.  

In the bandwidth maximization category, MAXBAND was named after its objective to 

maximize the bandwidth along an arterial segment (Little, 1966). It was formulated as a 

mixed integer linear programming problem and solved by a branch and bound technique. 

Later, MAXBAND was enhanced (Little et al., 1981) to optimize left turn sequences, 

calculate green splits and add the queue clearance time. MAXBAND can only be applied 

to triangular networks and can only provide a uniform bandwidth along the arterial while 

the link volume may be different for different segments. To address the limitation, 

MULTIBAND (Gartner et al., 1991)(Stamatiadis and Gartner, 1996) was developed to 

generate varying bandwidths. The objective of MULTIBAND is to maximize individual 

segment bandwidths based on the segment traffic volume. Later researchers proposed 

models that are direct extension of MAXBAND or MULTIBAND. To optimize signal 

timing along a long arterial with many signals, Tian and Urbanik (Tian and Urbanik, 

2007) divides a large signalized arterial into subsystems with three to five signals in each 
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subsystem. Each subsystem was optimized independently and then the offsets were 

adjusted between each subsystem to achieve progression. Vasudevan and Chang 

(Vasudevan and Chang, 2006) proposed a two-level signal control system. The 

progression control level tried to maximize the bandwidth using a modified version of the 

multiband model. The intersection control level tried to minimize a weighted 

combination of performance indexes with the bandwidth constrain from the upper level. 

Li (Li, 2014) directly extended the MAXBAND model to address dynamic progression 

time. 

In the performance index minimization category, TRANSYT is one of the most 

referenced models and is often used as the baseline to compare with other new proposed 

models. TRANSYT (Robertson, 1969a) was originally developed by Dennis Robertson in 

the 1960s. Later, the Federal Highway Administration (FHWA) sponsored the 

development of TRANSYT Version 7 in McTrans Center at the University of Florida and 

the new version was named as TRANSYT-7F (Wallace, et al., 1991) (Park, B. et al., 

1999). TRANSYT optimizes cycle length, green splits, offsets with a predetermined 

phase sequence over a network of intersections (Robertson, 1969a). The objective of 

TRANSYT was to minimize the weighted sum of vehicle delay and number of stops and 

an iterative hill-climbing strategy is used to optimize the signal timings. The embedded 

macroscopic traffic flow model – platoon dispersion model (Robertson, 1969a) has been 

widely used in other signal optimization formulations. Other traffic flow models such as 

cell transmission model (CTM) proposed by Daganzo (Daganzo, C.F., 1994)(Daganzo, 

C.F., 1995) was also served as the traffic flow model in many signal optimization studies 

(Z. Li, 2011)(Beard and Ziliaskopoulos, 2006)(Lertworawanich et al., 2011)(Lo and 
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Chow, 2004)(Lin and Wang, 2004)(Zhang et al., 2013). Wong (Wong, 1996) proposed a 

phase based optimization approach based on TRANSYT which released the fixed phase 

sequence assumption. Optimization of the TRANSTY signal timings was formulated as a 

set of non-linear mathematical programs. The optimized results from TRANSTY were 

used as control variables such as a common cycle length. Heuristics algorithms were 

developed based on integer programming methods and parallel computing (Wong, 1997) 

was used to reduce the computation time. Later, a time-dependent TRANSYT traffic 

model was developed (Wong et al., 2002) to address traffic fluctuations. The time 

horizon was divided into several intervals in which the traffic demand was assumed to be 

constant. A separate TRANSYT model optimized each time interval. Due to platoon 

dispersion, if the distance between two intersections is too long, then signal coordination 

may be unnecessary. Day et al. (Day et al., 2011) used high-resolution event data to 

decide where and when signal coordination was desirable based on the green start time of 

the upstream intersection and vehicle arrivals times at the  downstream intersection. 

Gartner et al. (Gartner et al., 1975a) (Gartner et al., 1975b) tried to determine all the 

control variables for the network including offsets, splits, and cycle time simultaneously. 

A link performance function (LPF) was developed to express the delay incurred by 

platoons traveling through a signal-controlled intersection as a function of link offset. 

The problem was formulated as a MILP problem and solved by branch-and-bound 

techniques. This algorithm was implemented with a computer program and was given the 

name MITROP (Gartner et al., 1976). Recently, Gartner and Deshpande (Gartner and 

Deshpande, 2013) pointed out that the LPF was not only dependent on the flow on the 
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current link but also the flow on feeder links. For different offsets, the delay functions 

were different and varied within the cycle-based pattern.  

Many signal optimization models are formulated as non-linear programming problems 

since the delay function is non-linear or as stochastic programming problems due to the 

demand fluctuation or different vehicle arrival patterns. Heuristic approaches have been 

widely applied in solving such problems. Genetic Algorithms (GA) have been a most 

popular choice for many researchers. Park and Lee (Park and Lee, 2009)(Yun and Park, 

2012) used a calibrated microscopic simulation model (CORSIM) instead of macroscopic 

traffic flow model to account for stochastic variability and applied GA with special 

decoding schemes to optimize the parameters of coordinated actuated signal system. 

Stevanovic et al. (Stevanovic et al., 2007) have conducted similar research by combining 

microscopic simulation and GA. Instead of CORSIM, they used VISSIM as the 

simulation software. Other research has used GA as the solution algorithm include 

emission control (Zhang et al., 2013), oversaturation traffic condition (Liu and Chang, 

2011) (Girianna and Benekohal, 2004) (Lertworawanich et al., 2011), traffic demand 

variation (Zhang et al., 2010), offset optimization (Hu and Liu, 2013), and multiclass 

traffic flows (Chen and Chang, 2014). 

 

2.2 Actuated Signal Control 

The idea of signal actuation can be traced back to the 1920s when the first vehicle 

actuated controller was installed in Baltimore in 1928 (Shelby, 2001). Newell and Osuna 

(Newell, 1969)(Newell and Osuna, 1969) may be the first people to study the properties 

of signal actuation control systematically. They found that in a one-way street, the best 
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time to switch a signal was as soon as the queue discharged. But for a two-way street, the 

maximum green time was found to be critical for the performance of the actuated control 

because of unbalanced queues. The maximum green time should be set to be equal to that 

of the optimal fixed-time green time. The overall performance of actuated control was 

better than fixed-time control if the actuation parameters were set properly. Skabardonis 

(Skabardonis, 1996) proposed a method that translated the optimal fixed-time plans 

generated by MAXBAND, PASSER and TRANSYT-7F into settings for the actuated 

controllers. Because of the uncertainty of traffic flow, several studies investigated how to 

set the actuation parameters dynamically based on the real-time traffic condition.   Yun et 

al. (Yun et al., 2007) applied hardware-in-the-loop (HILS) at a fully actuated intersection 

to test the adaptive maximum green idea. The maximum green was constrained by upper 

and lower boundaries according to fluctuating traffic demand. Zheng and Recker (Zheng 

and Recker, 2013) tried to adjust all the actuated signal parameters including phase 

sequence, minimum green, green extension, and maximum green in real-time. 

Gap-out logic is the most important logic in actuated control. Traditionally, loop-

detectors across lanes are wired together and the phase gapped out based on the gaps in 

all of the lanes. Sharma et al. (Sharma et al., 2006) studied the limitations of 

simultaneous gap-out logic and found that lane based gap out would increase the 

probability of a max-out which would increase the number of vehicles in the dilemma 

zone under high volume traffic. They suggested use of a subset of all lanes to 

simultaneously gap out to terminate earlier than max green to avoid max-out. Smaglik et 

al. (Smaglik et al., 2005)(Smaglik et al., 2007) proposed a lane-by-lane detection system. 

The lane-by-lane detection had separate amplifier cards and input for each lane and 
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therefore each lane could perform independently for extension and gap out. The new 

system outperformed the traditional multiple connected detectors by up to 13% in terms 

of efficiency. The increased efficiency can be used to allocate green time to other 

movements or reduce the cycle length. This approach received the most benefit with 

medium demand levels and less benefits during heavy or light traffic demands. 

 

2.3 Adaptive Signal Control 

Adaptive traffic signal systems emerged during the 1970s and 1980s mainly because the 

traffic control systems of that time failed to response to changes in traffic demand 

(Aleksandar Stevanovic, 2010). An adaptive traffic signal system is able to adjust the 

signal timing plans in real-time based on current traffic conditions, demand, system 

capacity and some real-time performance objective. The development and deployment of 

adaptive signal systems has received significant attention around the world. Different 

system architectures and algorithms have been developed.  

SCOOT (Split, Cycle, and Offset Optimisation Technique) (B. Bing and A. Carter, 

1995)(Bretherton et al., 1998) utilized the TRANSYT platoon dispersion model with an 

online optimization algorithm to adjust the signal timing plan parameters in real-time. 

Periodically, SCOOT considers making changes to the current plan with the objective of 

delay minimization. Optimization is divided into three types: split, cycle, and offset. 

Between the SCOOT optimization intervals the signal timing was executed as a fixed-

time plan. SCOOT requires upstream detectors which are installed downstream of the 

upstream intersection for counting and spillback detection. The advanced detectors are 

also required to estimate the lower bound of the queue. 
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The Sydney Coordinated Adaptive Traffic System (SCATS) (Sims and Dobinson, 

1979)(Sims and Dobinson, 1980)(Lowrie, 1982) considers a collection of intersections 

(from 1 to 10) together as a subsystem. Each subsystem is coordinated with a common 

cycle length. Each adjacent subsystem can be married together to form a larger subsystem 

or divorced to form smaller subsystems. Each intersection control is operating in an 

actuated mode. There are no explicit traffic and optimization models in SCATS.  The 

adjustment of cycle, splits and offset was based on heuristic algorithms with the objective 

to balance the degree of saturation on each intersection approach. SCATS only uses stop-

bar detectors to measure the vehicle volume and occupancy to determine the degree of 

saturation.  

OPAC(Optimization Policies for Adaptive Control) (Gartner, 1983) is a real-time signal 

timing optimization algorithm. The core of OPAC is an optimization model based on 

dynamic programming (DP) that minimizes delay over a finite future horizon. The 

evolution of OPAC (Gartner et al., 2002) included several versions. OPAC1 applied DP 

to solve the traffic control problem and obtain global optimal solutions. OPAC1 needed 

complete knowledge of vehicle arrivals during the entire planning horizon to get a global 

optimum. OPAC2 simplified OPAC1 by dividing the whole planning horizon into stages, 

and each stage was further divided into 4-5 seconds intervals. The optimal policy was 

solved sequentially for each stage, the initial state of the current stage is only the last state 

of the previous stage, thus the computational effort was greatly reduced. OPAC3 further 

simplified OPAC2 by adopting a rolling-horizon framework in which only first k seconds 

of arrival data were needed. OPAC4 extended the algorithm to a coordinated network.  
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RHODES (Real-time Hierarchical Optimized Distributed Effective System) 

(Mirchandani and Head, 2001) is a hierarchical adaptive signal control system. At the 

upper level, the network flow control logic was based on REALBAND (Dell’Olmo and 

Mirchandani, 1995), which optimized the movement of observed platoons in the sub 

network. At the lower level, the core algorithm of intersection level control was named 

COP (Sen and Head, 1997). COP is based on dynamic programming that minimizes a 

variety of performance indices such as delay, stops and queue length using a roll-horizon 

scheme. The input of COP was an arrival table which was predicted by the PREDICT 

(Head, 1995) algorithm. Stop-bar detectors and advanced detectors were required in 

PREDICT.  

ACS-Lite was initiated to develop a lower cost and deployable adaptive control system 

due to the high installation and maintenance cost and complexity of other adaptive signal 

systems (Aleksandar Stevanovic, 2010). The ACS Lite system was composed of the 

following hardware: an ACS Lite system computer, the traffic signal controllers, 

communication between the computer and the controller and vehicle detectors (Shelby et 

al., 2008). The system tried to utilize the currently installed detector system as much as 

possible. The control algorithms included three major components (Luyanda et al., 2003): 

a time-of-day (TOD) tuner, a run-time refiner, and a transition manager. The TOD tuner 

modified the current TOD parameters based on current traffic condition. The run-time 

refiner determined the best time to transition from one plan to another and the transition 

manager selected the best transition method to minimize the delay and congestion. 
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Other adaptive signal control systems/algorithms include UTOPIA/SPOT (Mauro and 

Taranto, 1989), BALANCE (GEVAS Software, 2014), LA DOT ATCS (Hu, 2000) and 

MOTION (Brilon and Wietholt, 2013). 

 

2.4 Dilemma Zone Protection 

At the onset of the yellow signal, a dangerous driving behavior may occur which is 

referred to as the dilemma zone (DZ) despite of the signal control strategy. As defined in 

ITE handbook, a dilemma zone is the range where a driver can’t stop safely or clear the 

intersection safely at the onset of the yellow change interval (Engineers, 1982a). A 

vehicle in DZ may cause a rear-end crash if the driver choses to stop abruptly or a right-

angle crash if the driver chooses to run the red light. The concept of DZ is closely related 

to intersection safety. Therefore, a lot of research efforts has been devoted to DZ 

protection.  

Basically, there exist two definitions of dilemma zone. Type I dilemma zone (Gazis et al., 

1960) is defined as a region within which a driver can neither stop comfortably nor clear 

the intersection before the signal turns to red. The Type I definition assumes a uniform 

speed for all vehicles. However, in reality speed varies between vehicles. As a result, 

different vehicles have different dilemma zone regions that are referred to as dynamic 

dilemma zones. The concept of a dilemma zone has also been defined in terms of 

stopping probability, known as the Type II definition (Zegeer, 1977). The Type II 

definition defines a dilemma zone as the region where between 10% and 90% of vehicles 

choose to stop. Sheffi and Mahmassani (Sheffi and Mahmassani, 1981) related the travel 

time to the stop line with the stopping probability using a probit model. Similar empirical 
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studies from different locations and speed limits showed that the dilemma zone 

boundaries were between 2 to 6 seconds (Parsonson et al., 1974a)(Chang et al., 

1985a)(Bonneson and McCoy, 1996a). Researchers have developed a variety of 

applications for dilemma zone protection including modifying the length of the yellow 

change interval (Saito et al., 1990)(Köll et al., 2004), green extension (Tarko et al., 

2006)(Li et al., 2010), advanced warning system (McCoy and Pesti, 2003), detection 

control system (Zimmerman et al., 2003a)(Middleton et al., 2011), and green signal count 

down (Ma et al., 2010). However, most of these techniques only addressed isolated 

intersections without considering the flow pattern from upstream intersections. There 

have been only a few studies addressing dilemma zone protection as part of the signal 

optimization problem. One reason may be that it is difficult to quantify the benefit of 

dilemma zone protection. Sharma et al. (Sharma et al., 2011a)(Sharma et al., 2007) 

proposed an economic model to measure the cost of conflicts caused by vehicles trapped 

in the dilemma zone. The probability of vehicles trapped in the dilemma zone was 

calculated by a hazard function. Delay was quantified by cost as well. The authors 

compared the benefit from dilemma zone protection by green extension and additional 

delay cost from side streets. Feng et al. (Feng et al., 2014) proposed an analytical model 

to estimate the number of vehicles in dilemma zone (NVDZ) based on Robertson’s 

platoon dispersion model and integrated the calculation into fixed-timing coordinated 

signal optimization. They found delay and NVDZ were competing objectives and can’t 

be optimized at the same time. However, the weighted total combination cost can be 

reduced by reducing NVDZ. 
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2.5 Signal Control based on Connected/Automated Vehicles 

Different from loop detector data, trajectory data from connected vehicles provide more 

information about the vehicle states. Vehicle location, speed, heading, and acceleration 

can be observed in real-time (every 100 ms) which lead to direct measurements of travel 

time, queue length and platoon size. Utilizing data collected from connected vehicles, 

traffic control decisions can be more dynamically responsive to real-time traffic 

conditions.  

Goodall et al. (Goodall et al., 2013) proposed a predictive microscopic simulation 

algorithm (PMSA) for signal control. The algorithm took data from connected vehicles 

including positions, headings and speeds and imported them to a microscopic simulation 

model to predict the future traffic conditions. A rolling horizon strategy of 15s was 

chosen to optimize either delay only or a combination of delay, stops and decelerations. 

The algorithm considered several market penetration rates as well as estimating the states 

of unequipped vehicles based on equipped vehicle states (Goodall, 2013). However, the 

algorithm can’t be applied in real-time due to the computational requirements of the 

parallel simulation to predict the future traffic conditions.  

Priemer and Friedrich (Priemer and Friedrich, 2009) developed a decentralized adaptive 

traffic signal control algorithm using V2I communication data. Their algorithm was 

phase based and discretize time into 5s intervals. The forecast horizon was 20s. The 

objective was to minimize total queue length and the optimization problem was solved by 

dynamic programming or complete enumeration. 

He et al. proposed a traffic signal control framework for multi modal under V2I 

environment named PAMSCOD (He et al., 2012). A headway-based platoon recognition 
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algorithm was developed to identify pseudo-platoons. Then a MILP was formulated to 

solve for an optimal signal plan based on current traffic conditions, controller status, 

platoon data and priority requests. VISSIM simulation showed PAMSCOD can manage 

two modes: transit and passenger cars and reduced delay for both models in under-

saturation and oversaturation conditions. Result showed that 40% penetration rate was 

critical for effectiveness of the algorithm. One limitation of PAMSCOD is that the 

computational requirements increased significantly with the increase in traffic demand 

since the number of decision variables is proportional to the traffic demand and real-time 

solution is not currently possible. Under the same V2I framework, He et al. (He et al., 

2014a) integrated multi-modal priority control including emergency vehicles, transit 

buses, commercial trucks and pedestrians, with the consideration of coordination and 

vehicle actuation. Signal coordination was treated as a virtual priority request in the 

formulation. However, utilization of traditional vehicle actuation logic within the priority 

control framework may not be optimal for regular passenger vehicles.  

Datesh et al. (Datesh et al., 2011) proposed a platoon based signal control algorithm in an 

connected vehicle environment. The algorithm divided a phase into two stages where the 

first stage served standing queue and the second stage served vehicles approaching the 

intersection. Based on the location and speed, the travel time of the vehicles can be 

obtained. Then all approaching vehicles were divided into two groups using K-means 

clustering where k=2. Green time was allocated to make sure all vehicles in the “green 

cluster” to pass the intersection and to stop the “red cluster” vehicles. Different 

penetration rates were tested and it was found a proximately of 50% of penetration rate 
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was required to ensure the performance. The algorithm didn’t consider multiple platoons 

on one approach.  

Lee et al. (Lee et al., 2013) presented a cumulative travel-time responsive (CTR) real-

time intersection control algorithm with connected vehicle data. The cumulative travel 

time was defined as the elapsed time from when the vehicle entered the approaching link 

to the current moment. Travel time included vehicle delay at the intersection. The 

algorithm applied a Kalman Filter to estimate cumulative travel time under a low market 

penetration rate. The phasing with highest combined travel time was set to be the next 

phase. The paper stated that at least 30% market penetration rate was required. 

To address oversaturation traffic conditions, Venkatanarayana et al. (Venkatanarayana et 

al., 2011) proposed a signal control algorithm using location and speed data from 

connected vehicles. The algorithm monitored the queue length at the downstream 

intersection in real-time and adjusted the offset and splits of the upstream intersection in 

response of queue spillback. However, the algorithm was proved to be effective by 

reducing total delay only in a very simple network with 2 one-way streets intersections.  

Because the current market penetration rate is essentially zero, the ability to evaluate the 

field implementation of connected vehicle based signal control algorithm is significantly 

limited. Berg implemented a simple algorithm to perform red light preemption and green 

light extension at a controlled environment at DENSO’s Vista, California facility (Berg, 

2010). All the vehicles used in the test were equipped with DSRC devices and broadcast 

BSMs. The RSE at the intersection assigned a weighted score for each approach based on 

the number of vehicles, their speeds and their distances to stop bar. The signal control 

was based on actuation but the approach with highest score was eligible for either a green 
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light extension (GLE) or a right light preemption (RLPE) depending on the current phase 

states. Experiment showed that the RLPE can be triggered at approximately 100m before 

stop bar with no cross road traffic. GLE can be triggered when the number of vehicles on 

cross road was low. The logic was oversimplified and is not applicable to real 

intersections. 

Literature showed the market penetration rate of connected vehicles was a critical 

parameter in determining the effectiveness of the connected vehicle related signal control 

algorithms. Goodall (Goodall, 2013) summarized the required penetration rate for 

different applications from previous studies as shown in Table 2-1. 

Table 2-1 Required Penetration Rates for Different Connected Vehicle Applications 

Application Minimum CV Penetration Rate 

Traffic signal control 20-30% 

Freeway incident detection 20% 

Lane-level speed estimation 20% 

Arterial performance measurement 10-50% 

Queue length estimation 30% 

 

After the federal mandate for installation of the DSCR device in all new light vehicles 

manufactured in the US, the connected vehicle penetration rate will steadily increase to 

near 100% rate in about 25 years (Goodall, 2013).  

Some innovative ideas (Fajardo et al., 2011)(Lee and Park, 2012) were proposed based 

on the 100% autonomous vehicle situation. The proposed control methods removed 

traffic signals at intersections given that the intersection was fully aware of all vehicle 

trajectories and given full control of all vehicles. These algorithms were designed to 
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manipulate individual vehicle movements so that vehicles can safely cross the 

intersection without crashing into each other. Simulation results showed that vehicle 

delay and travel times could be significantly reduced. The studies did or didn’t consider a 

wide range of traffic demand. 
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Chapter 3 System Architecture  

 
 
 
In order to develop signal control algorithms in a connected vehicle environment, a 

testing and evaluation platform needs to be constructed. This chapter introduces an 

architecture to support both simulation and field testing. The platform supports a variety 

of connected vehicle signal control applications. The communication among components 

strictly follows SAE J2735 (2009) standards, except where the research has indicated 

enhancements are required, or recommended.  

Section 3.1 introduces the DSRC technology and the SAE J2735 message set used in the 

platform and Section 3.2 introduces the platform structure that can support a variety of 

applications. 

 

3.1 Introduction to DSRC 

The communication among connected vehicles (V2V) and between connected vehicles 

and the infrastructure (V2I) is through Dedicated Short Range Communications (DSRC). 

The Federal Communications Commission (FCC) has allocated bandwidth in the 5.9GHz 

band with 75MHz of spectrum dedicated for Intelligent Transportation Systems (ITS) 

vehicle safety and mobility applications (U.S. DOT, 2014a). The spectrum has been 

divided into seven different channels (172, 174, 176, 178, 180, 182, and 184) to support a 

variety of applications. For example, Channel 172 is the high availability low latency 

channel mainly for safety applications and Channel 182 is the service channel which is 

used for specific applications such as transit priority. The USDOT has stated that DSRC 
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is the only available technology in the near-term that offers the latency, accuracy and 

reliability required for vehicle safety applications (U.S. DOT, 2014b). The specified 

communication range for DSRC is 300 meters, but actual range depends on many factors. 

One major advantage of DSRC over other transmission technologies is that DSRC has 

much lower latency that is critical to vehicle safety applications.  

The Society of Automotive Engineers (SAE) has published the DSRC Message Set 

Dictionary, J2735, (SAE International, 2009) which defines the messages for both safety 

and mobility applications. The messages implemented in the proposed system 

architecture include the Basic Safety Message (BSM), Signal Phasing and Timing 

Message (SPaT), MAP Message (MAP), and Signal Request Message (SRM).  For signal 

priority applications, a new type of message called the Priority Status Message (PSM) is 

used to represent the current priority request status of all priority vehicles. This new 

message was proposed to J2735 technical committee and will be integrated into the 

updated Signal Status Message (SSM) in the 2015 revision of the standard.  

The following subsections introduce each type of message briefly. 

 

3.1.1 Basic Safety Message (BSM) 

The BSM is used in a variety of applications to exchange vehicle data, primarily for 

safety applications. The specified transmission rate is 10 times per second and it is 

transmitted on the channel 172. The BSM is often referred to as the “Here I am” message 

since it reports current vehicle location and states. The BSM has two parts. Part I contains 

the mandatory data elements that need to be broadcast by all vehicles. Part II contains 
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optional data elements and the content is dependent on the requirements of the specific 

applications. Part I includes the following information for a vehicle: 

VehID: Vehicle temporary identification that is required to change every 5 minutes to 

ensure privacy. 

Position: Latitude, Longitude, and Elevation 

Motion: Speed, Heading, Steering Wheel Angle, and 4-way Acceleration 

Control: Break System Status 

Basic: Vehicle Size 

 

3.1.2 Signal Phase and Timing Message (SPAT) 

The Signal Phase and Timing (SPAT) message is used to convey the current status of the 

traffic signals. Combined with the MAP message, the receiver is able to know the current 

signal status, remaining phase time and the next phase. In addition, current signal 

preemption and priority status are included in the message. The required transmission 

rate is 10 times per second and it is transmitted on the channel 172. The SPAT message 

includes the following contents: 

Intersection ID: Identification number of a particular intersection 

LanesCnt: Number of movement states to follow 

MovementState: Information about the current signal states including: Name of the 

movement (e.g. Eastbound left turn), total number of lanes served by the movement, 

current signal status, current pedestrian signal state, remaining time of the current 

phase, next phase, estimated duration of next phase, vehicle count, pedestrian 

detection and pedestrian count. 
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Priority: The active priority state data 

Preempt: The active preemption state data 

3.1.3 MapData message (MAP)  

The MapData (MAP) message is used to describe the geometric information of an 

intersection defined at the lane level. The required transmission rate is 1 time per second 

and it is transmitted on the channel 172. The MAP message includes the following 

contents: 

Intersection ID: Identification number of a particular intersection 

RefPoint: The GPS reference point from which other lane nodes are offset. 

Approaches: Data structure to describe an approach including a set of related egress 

and ingress approaches at the intersection. Each egress or ingress may have multiple 

lanes. 

Lanes: Data structure to describe a lane including lane number, lane width, lane 

attributes, node list, and connection lanes. Each lane may have multiple lane nodes. 

Nodelist: A sequence of points (Xs and Ys) that builds a path for the lane. The values 

of Xs and Ys are signed offsets from the last point. 

 

3.1.4 Signal Request Message (SRM) 

The Signal Request Message (SRM) is sent by a priority eligible vehicle to the 

intersection to request signal priority. A SRM includes the corresponding BSM data and 

additional information about the vehicle’s type, approach lane, time of service, and type 

of request. The SRM is transmitted asynchronously as needed and is transmitted on one 

of the Service Channels (e.g. 182). The SRM message includes the following contents: 
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Request: Preemption or priority, approach lane, egress lane and vehicle type 

Timeofservice: The time in the near future when service is requested to start 

Endofservice: The time in the near future when service is requested to end 

Transitstatus: Additional information if it is a transit priority vehicle 

vehicleVIN: Vehicle identification information (e.g. vehicle name, VIN number, 

vehicle class) 

vehicleData: The BSM message data blob 

 

3.1.5 Priority Status Message (PSM) 

The Priority Status Message (PSM) is broadcast by the RSE and includes information 

about all active requests (SRM) for vehicles at the intersection. The message is not in the 

current version (2009) of the DSRC message standard, but will be integrated into the 

Signal Status Message (SSM) in the 2015 version. The PSM (or SSM) is transmitted once 

per second on the same service channel as the SRM. 

The PSM message includes the following contents: 

Intersection ID: Identification number of a particular intersection 

NumberOfRequest: Number of active priority requests.  

ActiveRequestTable: Information about each active request including: request 

number, vehicle ID, vehicle type, inbound lane, outbound lane, time of service, 

vehicle status, and request sent time. 

For more details about the message set, refer to: (SAE International, 2009). 
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3.2 System Architecture Design 

The system architecture involves both hardware and software components including: on-

board equipment (OBE), roadside equipment (RSE), signal controller (real or virtual), 

traffic simulation software or field test environment and supporting computer network. 

This architecture can be implemented in both simulation (VISSIM 6.0) and tested in the 

field. In the field, the on-board equipment is located in the vehicle and connected to a 

GPS antenna to receive GPS coordinates and two DSRC antennas to broadcast vehicle 

related DSRC messages such as the BSM and SRM on the assigned channels. The 

roadside equipment is located at the intersection and broadcasts infrastructure related 

DSRC messages including SPAT, MAP and PSM. Different messages are broadcast 

using different DSRC channels as shown in Table 3-1.  

Table 3-1: Message Channel Allocation 

Message Type BSM SRM SPAT MAP PSM 

Channel 172 182 172 172 182 

 

Figure 3-1 shows the overall architecture of the system. The left half of the architecture 

represents the field implementation and the right half represents the simulation 

implementation.  
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Figure 3-1: Signal Control under Connected Vehicle Environment System Overview 

In the field implementation, connected vehicles are equipped with on-board equipment 

(OBE) that are able to broadcast DSRC messages. Every vehicle broadcasts BSMs and 

priority eligible vehicle also broadcasts SRMs when priority is needed. In a VISSIM 

simulation environment, the drivermodel.dll API is used to generate surrogate BSMs and 

SRMs and broadcast through Ethernet. 

The DSRC messages are received by the RSE when a vehicle is within radio range of the 

intersection. The RSE broadcasts infrastructure based DSRC messages that can be 

received by all vehicles that are within radio range of the intersection. Upon receiving the 

connected vehicle data from BSMs and/or SRMs, the RSE solves the signal control 

algorithms to develop an optimal signal timing schedule. Based on the optimal signal 

timing schedule generated by the algorithms, the RSE controls the signal controller 

through commands (e.g. VEHICLE_CALL, FORCE_OFF, HOLD, and OMIT) defined 

by National Transportation Communications for Intelligent Transportation System 

Protocol (NTCIP).  
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This general structure can be applied to different applications such as adaptive traffic 

control and signal priority with different software components on the RSE and OBE. The 

following sections introduce the structure of the two different applications. 

 

3.2.1 Adaptive Signal Control 

The adaptive signal control application allocates green time for non-priority vehicles such 

as passenger cars or priority vehicles that are not requesting priority. The input of the 

Adaptive Control Algorithm component is BSMs and the output is a list of signal control 

event, called a signal control schedule. Figure 3-2 shows the data flow and software 

components of the adaptive traffic control application.  
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Figure 3-2: System Structure – Adaptive Signal Control Application 

Either the OBE or drivermodel.dll broadcast BSMs to the RSE. There are three 

components that reside at the RSE: Vehicle Trajectory Awareness, Adaptive Control 
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Algorithm, and Traffic Controller Interface. The Vehicle Trajectory Awareness 

component receives the BSMs from the OBEs (or VISSIM API), decodes the message 

and either creates a new data structure, called a vehicle trajectory, or saves the data in an 

existing vehicle trajectory. After the connected vehicle leaves the DSRC range, the 

vehicle trajectory will be deleted to protect privacy. This component also locates each 

vehicle on the roadway based on the lane-based map, calculates the desired service phase, 

and estimates the time of arrival (ETA) of each connected vehicle at the intersection stop 

bar. Details of the Vehicle Trajectory Awareness component are provided in Chapter 4. 

The Adaptive Control Algorithm component requests vehicle trajectories from the 

Vehicle Trajectory Awareness component before solving the adaptive signal timing 

optimization problem. The Vehicle Trajectory Awareness component sends the 

trajectories of all the connected vehicles that are within the DSRC range. Upon receiving 

the data, the Adaptive Control Algorithm component first applies an algorithm to 

estimate the location and speed of unequipped vehicles. An arrival table is constructed 

based on the arrival time estimation for both connected and unequipped vehicles that 

serves as the input to the phase allocation algorithm. Detailed descriptions of the two 

algorithms are provided in Chapter 5. The output of the phase allocation algorithm is an 

optimal signal sequence and duration, or schedule, for each phase. The optimal solution is 

then converted to a list of signal control events and sent to the Traffic Controller Interface 

component that executes the schedule in either a real controller or a virtual controller in 

VISSIM through NTCIP commands. 
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3.2.2 Signal Priority 

The signal priority application receives priority requests (SRM) from different types of 

priority eligible vehicles and tries to minimize the total delay of all priority requests. The 

priority requests may come from transit vehicles, freight vehicles, emergency vehicles or 

pedestrians. In addition, coordination is considered as a type of priority request as well, 

so that requests from different road users and different operating objectives can be 

integrated into a unified framework. Details of the unified framework are provided in 

Chapter 8.  

Figure 3-3 shows the structure and software components of the signal priority 

application. 

In the signal priority application, the OBE is mainly responsible for generating and 

broadcasting the SRM and the RSE is mainly responsible for processing all SRMs to 

generate the optimal signal timing schedule. There are three components in the OBE and 

four components in the RSE. The Message Broadcaster in the RSE broadcasts SPAT, 

MAP on DSRC channel 172, and PSM on DSRC channel 182 to nearby connected 

vehicles. A priority vehicle receives these messages via the Message Listener when it is 

within the DSRC range. Based on information in the MAP message and vehicle 

information, including its current location, speed and heading from the GPS receiver (or 

drivermodel.dll in the VISSIM simulation environment), the Priority Request Generator 

in the OBE generates a SRM and broadcasts it to the RSE through the DSRC channel.   

The Priority Request Server in the RSE will process all received requests and generate an 

active request table that is broadcast back to the vehicles in the priority status message 

(PSM).  
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A hierarchical priority policy that is established by the operating agency may allow some 

priority requests, such as emergency vehicles, to override less important priority requests. 

For example, when a transit vehicle and an emergency vehicle are approaching an 

intersection at the same time and both vehicles are requesting priority, the request of 

transit vehicle will not be active since the emergency vehicle has a higher priority. The 

active request table is the input of the Signal Priority Algorithm that solves an 

optimization problem to minimize the total priority delay (He et al., 2014b), (Zamanipour 

et al., 2014). A brief introduction of the Signal Priority Algorithm is provided in Chapter 

7. The Signal Priority Algorithm generates a feasible set of optimal solutions that 

minimize the total priority delay. A series of signal control events similar to Adaptive 

Signal Control Application are generated based on the feasible set and sent to Traffic 

Controller Interface.  

The Traffic Controller Interface manipulates the traffic controller through NTCIP 

commands. The OBE Webserver hosts a webpage that shows the current signal status, 

current vehicle status, and active request table. 
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Figure 3-3: System Structure –Signal Priority Application 

 

3.2.3 Integration of Adaptive Signal Control and Signal Priority 

The output of the Signal Priority Algorithm is a feasible set of signal timing schedules. 

Besides generating signal control events based on the feasible set, it can also be the input 

to the Adaptive Control Algorithm. This requires integration of the Adaptive Control 

Algorithm and the Signal Priority Algorithm into a unified framework.  

The structure of the integration framework is shown in Figure 3-4. When there is no 

priority vehicle, the intersection only applies adaptive signal control for all vehicles. 

When the RSE receives priority requests from priority vehicles or coordination requests, 

the Signal Priority Algorithm will solve for a set of optimal signal timing plans that 

minimize the priority delay. This optimal set will be sent to the Adaptive Control 

Algorithm as an additional set of constraints. The Adaptive Control Algorithm tries to 

find a signal timing schedule within the set that minimizes the total vehicle delay of 
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priority vehicles. The details of the integration framework will be provided in Chapter 8. 

The other components and data flows are similar to those described in previous sections. 
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Figure 3-4: System Structure –Integration of Adaptive Signal Application and 

Signal Priority Application 
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Chapter 4 Trajectory Awareness of Connected 

Vehicles 

 
 
 
Connected vehicles are broadcasting BSMs every 0.1 seconds that other vehicles and the 

RSE at the intersection can receive. The RSE is able to receive BSMs from all connected 

vehicles within the DSRC range. It is common that there are more than 100 vehicles in 

the range so that an RSE may receive more than 1000 BSMs within a second. In 

congested traffic conditions, this number could be even greater. It is important to receive, 

store and process the vehicle information properly and quickly so that it is available for 

other applications. This chapter presents the design of a component to process the 

connected vehicle BSM data that is shown in Figure 3-2 and Figure 3-4 as the Vehicle 

Trajectory Awareness component.  

Section 4.1 provides an overview of the trajectory awareness component. Section 4.2 

defines the construction of the map of the intersection. Section 4.3 utilizes the map and 

develops an algorithm to locate each vehicle on the map based on information in the 

BSM. Section 4.4 introduces the geo-fencing area that sets a virtual perimeter for 

utilizing BSMs. Section 4.5 introduces the trajectory storage mechanism to protect 

vehicle privacy. 

 

4.1 Overview of Functionality 

The Vehicle Trajectory Awareness component is responsible for processing and 

temporarily storing equipped vehicle trajectories. Based on received BSMs and the 
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intersection map, the Vehicle Trajectory Awareness component locates vehicles on the 

map and stores vehicle information such as position, speed, heading, estimated time of 

arrival (ETA) and requested phase. The trajectory data can be requested by other 

components such as the Adaptive Control Algorithm. 

An activity diagram showing the basic operation of the component is shown in Figure 

4-1. First the component reads the intersection map and initializes a socket for data 

transmission. The main loop starts when a new message is received on the socket server. 

The process first determines the message type. If the received message is a BSM, then the 

component extracts the vehicle information from the BSM. Otherwise, the component 

further determines whether it is a vehicle information request message from another 

component. If it is a vehicle information request message, the component will send 

vehicle temporary ID, current speed, full or partial vehicle trajectory depending on the 

request, distance to stop bar, acceleration, current approach, current lane, requested phase 

and the time stamp when the vehicle stopped if available for all the active vehicles in the 

list.  

If the received message is a BSM, the temporary vehicle ID of the new BSM will be 

compared to the temporary vehicle IDs in the current active vehicle list. If the BSM is 

from a new vehicle, a new vehicle trajectory is added to the list provided the vehicle is 

within the geo-fencing control area 1 as defined in Section 4.4. If the BSM comes from 

an existing vehicle, a timer will be used to decide whether to update the trajectory. For 

signal control applications, it is not necessary to store the BSMs every 0.1s. The timer 

makes sure the component updates the trajectory every 0.5s to save computational effort. 

The position of the vehicle is then compared to geo-fencing control area 2 as defined in 
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Section 4.4. If the vehicle is in the area, the component locates the vehicle on the MAP 

and calculates its ETA and requested phase. The ETA is calculated by the current 

distance to the stop bar divided by the current speed. If the vehicle is in queue (speed 

equals to 0), the ETA is considered as 0. For the requested phase calculation, because 

intersections may have different phase assignment within the geometry, a lane-phase 

mapping table is created for each intersection. Once the vehicle is located in a certain 

lane, the corresponding requested phase can be obtained. The vehicle’s active flag is then 

renewed which means its trajectory has been updated. Every 1 second, the process checks 

for the active flag of all vehicles in the active vehicle list. If a vehicle’s active flag hasn’t 

been renewed for 15 seconds, the vehicle will be deleted from the active vehicle list 

which means either the vehicle has left the DSRC range or the vehicle is not within the 

geo-fencing area. More details about geo-fencing area can be found in Section 4.4. 

The cycle repeats indefinitely while there are messages available on the socket to read. 
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Figure 4-1 Activity Diagram of Vehicle Information Database Component 
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4.2 Intersection Map Construction 

An intersection map is a lane level geometric intersection description (GID) of the road 

network. The MAP is provided by the infrastructure management system. The MAP 

includes the intersection ID, attributes of the intersection, intersection GPS reference 

point, approach, lane, lane attributes, lane width, lane nodes, lane connections, reference 

lane and an end of file indicator. The MAP coding supports GPS location accuracy up to 

10-7 degrees (1.1 cm). The location of each lane node is presented as the northern and 

eastern offset to the reference point which is nominally selected as the center of the 

intersection. 

To determine the locations of the lane nodes, Google Earth is used and each lane node is 

added manually to characterize the geometry of the intersection. A reference point, which 

has been selected as the center of an intersection, should be added for the lane node offset 

calculation. Traffic control applications do not require highly accurate MAP data and 

testing has shown that the Google Earth map is sufficiently accurate. Figure 4-2 shows an 

example of the Google Earth Map for the Intersection of Gavilan Peak and Daisy 

Mountain at Anthem, Arizona.  
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(a) Overview of the Intersection 

 

(b) Eastbound Approach Lane Nodes 

Figure 4-2 GoogleEarth MAP - Daisy Mountain Dr. and Gavilan Peak, Anthem, AZ 

A map description file which includes all information needed to describe the geometry of 

the intersection being controlled is built based on the Google Earth data. The map 

description file is stored on the RSE and can be used by other applications. The Message 

Broadcaster component (Figure 3.3 and Figure 3-4) reads the file to generate a J2735 

MAP (2009) message that is broadcast through DSRC. The Vehicle Trajectory 

Awareness component reads the file and creates a data structure for the algorithm that 
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locates vehicles on the MAP. The content of the map description file is defined below. 

The detailed information about each attribute can be found in the J2735 standard (SAE 

International, 2009).  

Intersection Information: MAP_Name, RSE_ID, Intersection ID, Intersection 

Attributes, Reference Point, Number of Approaches 

Approach Information: Approach ID, Approach Type, No of Lanes 

Lane Information: Lane Name, Lane ID, Lane Type, Lane Attributes, Lane Width, 

Number of Nodes, Number of Connected Lanes 

Nodes Information: Node Index, Latitude, Longitude 

Connected Lane Information: Connecting Lane Name, Maneuver 

A complete MAP description file for the intersection of Gavilan Peak and Daisy 

Mountain can be found in Appendix A: MAP Description File – Gavilan Peak & Daisy 

Mountain. 

The MAP description file doesn’t have any phase information that is required to match 

each lane to the corresponding traffic signal control phase. There are two types of lanes 

on the MAP: egress lanes and approaching lanes. Egress lanes aren’t associated with a 

signal control phase. For approaching lanes, the lane attributes in the MAP description 

file indicate whether each lane is a right turn lane, a through movement lane or a left turn 

lane. The lane phase mapping table can be constructed based on the intersection traffic 

signal phasing definition and the lane approaching lane attributes. The table is stored on 

the RSE and is used by the algorithm for locating a vehicle on the MAP. 
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4.3 Locating a Vehicle on the MAP 

The “locating a vehicle on the MAP” algorithm combines the vehicle information from 

BSMs, including location, speed and heading, with the MAP data structure and lane 

phase mapping table to calculate the ETA and the requested phase. Note that the vehicle 

location in the BSM is encoded as GPS coordinates but the MAP lane nodes position are 

encoded as the offset from the reference point which is local coordinates. It is necessary 

to transform the GPS coordinates to local coordinates based on the reference point. 

The transformation algorithm is adopted from (Farrell and Barth, 1999). First the GPS 

coordinates are transformed to earth-centered earth-fixed (ECEF) rectangular 

coordinates. The ECEF coordinates has its x axis extended through the intersection of the 

prime meridian (0° longitude) and the equator (0° latitude). The z axis extends through 

the true North Pole. The y axis completes the right-handed coordinate system, passing 

through the equator and 90° longitude. Then the ECEF coordinates are transformed to 

local x and y coordinates for comparison with the MAP offsets. Refer to (Farrell and 

Barth, 1999) for more details. 

An activity diagram showing the logic of the locating a vehicle on the MAP algorithm is 

described below and shown in Figure 4-3. 
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Figure 4-3 Activity Diagram of the Locating Vehicle in Map Algorithm 
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1. Transform GPS coordinates of the vehicle position from BSM to local offset 

based on the reference point. 

2. Find the nearest lane node to the vehicle and determine the current approach and 

lane. 

3. Calculate the lane heading based on the nearest node and its preceding node. 

4. Compare the lane heading with vehicle heading to determine whether the vehicle 

is on the map. 

5. Based on vehicle speed and the comparison of distances to the stop bar between 

two time steps (further to the stop bar or closer to the stop bar), determine the 

vehicle status (approaching (state 1), in queue (state 3) or departing (state 2)). 

Figure 4-4 shows the transitions between each state. When the vehicle is in “Not 

on the map” state, the algorithm will not be called. 

 

Figure 4-4 Vehicle State Transition 

6. If the vehicle is in the Approaching state, the ETA is calculated as the distance to 

the stop bar divided by current vehicle speed. The requested phase is calculated 
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based on the lane attributes (through lane or left turn lane) and lane-phase 

mapping table. 

7. If the vehicle is in a queuing state, the ETA is set to 0 since the vehicle is delayed. 

The requested phase is calculated as in Step 8. 

8. If the vehicle is in departing state, no ETA and requested phase are estimated. 

After all vehicles within the geo-fencing area are located on the map, a trajectory-based 

arrival table can be constructed based on ETAs and requested phases of all connected 

vehicles. This table will be requested by the Adaptive Control Algorithm component as 

the input data.  The arrival table is a two dimensional matrix with time and phase 

respectively. The value of each cell is the number of vehicles that will arrive at the stop 

bar at time point t requesting phase p.  The ETAs of queuing vehicles are considered as 

zero and they are added to the first line of the arrival table. Figure 4-5 shows an example 

of the arrival table (Feng et al., 2015). 

0  6  1  5  0  9  1  5 

0  0  0  0  0  0  0  0 

0  0  0  0  1  0  0  0 

0  0  0  0  0  0  0  0 
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0  0  0  1  0  0  0  0 

0  1  0  0  0  1  0  0 

0  1  0  0  0  2  0  0

Phase p

Tim
e

 t

 

Figure 4-5 Arrival Table Structure 
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4.4 The Geo-fencing Areas 

The geo-fencing area is a virtual perimeter around the road segment that is used to decide 

whether to add the vehicle into the active list and locate vehicle on the map. There are 

two types of geo-fencing area defined and used: 

Geo-fencing area 1: This area constrains the set of locations to consider if a vehicle can 

be added to the active list. The standard DSRC range is specified to be 300 meters. Due 

to different environmental factors in the field, the actual DSRC range can vary 

significantly. BSMs from vehicles that are far away from the intersection should not be 

processed because the ETA may not be accurate. Moreover, for closely spaced 

intersections, vehicles should not be added to the list of a downstream intersection until 

the vehicle has passed the upstream intersection. If the distance between the two 

intersections is smaller than 300 meters, the geo-fencing area 1 will be limited to the link 

length between the two intersections. 

Geo-fencing area 2: This area only includes the roadway area instead of all areas within 

the DSRC radius. This may not be very important for the simulation environment, 

because all vehicles are running on the roadway. However, in the field implementation, 

vehicles may leave the roadway and enter a parking lot nearby which is still within the 

DSRC range. This geo-fencing area will exclude those vehicles that are not within the 

roadway but are within the DSRC range. In addition, the area within the intersection is 

also excluded from the geo-fencing area. Vehicles enter the interior of the intersection 

will not be located on the map until they leave the intersection interior area and enter the 

egress. Vehicles within the intersection interior will retain their original approach and 

lane until they are recalculated again when they reach the egress lane. The reason for this 
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is that locating a vehicle on the lane based map will not work properly when the vehicle 

is inside the intersection. The algorithm finds the nearest lane node and compares the 

vehicle heading with the lane heading. When the vehicle is inside the intersection, any 

node before the stop-bar can be the nearest node depending on vehicle’s maneuver. Also, 

the vehicle’s heading may be changing during the time the vehicle is making a movement 

within the intersection. 

Figure 4-6 shows the geo-fencing areas of 41st Ave and El Camino Real in the San Mateo 

network in California. Note that the southbound egress and northbound ingress 

approaches only have 71m of geo-fencing area 1 range because of the location of 42nd 

Ave. 

41
st

 Ave

42
nd

 Ave

 

Figure 4-6 Geo-fencing Area of Intersection 41st Ave and El Camino Real, San 

Mateo, CA 
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4.5 Vehicle Privacy 

An active vehicle list is constructed to save vehicle trajectory information. A vehicle will 

be added to the list when it first appears within the DSRC radio range. For privacy, a 

vehicle’s trajectory will only be stored for a short period of time when the vehicle is 

“active”. The active vehicle list is maintained and updated when a vehicle enters and 

when a vehicle leaves the range of the DSRC radio. A vehicle will be deleted from the 

list when it leaves the DSRC radio range and the trajectory information has been 

requested by other components. If the vehicle changes its ID, it will be considered as a 

new vehicle. Its partial trajectory along with the old ID will be deleted. 

Figure 4-7 illustrates the idea of maintaining only active trajectories. The figure shows 

trajectories of several vehicles on one approach to an intersection. At time t1, four vehicle 

trajectories are active (as shown as red highlighted trajectories). These trajectories 

become active as they enter the DSRC radio range and are still active at time t1. At time 

t2, the same vehicles, plus several others, are active (shown in red). At time t3, some of 

the previous trajectories are no longer active (now shown as grey) and new trajectories 

have become active.  
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Figure 4-7 Request for Trajectory at Different Time Point 
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Chapter 5 Intelligent Traffic Control – Adaptive 

Signal Control  

 
 
5.1 Introduction 

The objective of this chapter is to present a real-time adaptive traffic control algorithm by 

utilizing BSM data from connected vehicles. The algorithm is based on improvements to 

the controlled optimization of phases algorithm (COP) (Sen and Head, 1997) which is 

used in the RHODES adaptive traffic control system (Mirchandani and Head, 2001). The 

original COP algorithm was based on a sequence of stages, e.g. A, B, C, D, where a stage 

could represent phases 1 and 5 (denoted as A), or phases 2 and 6 (denoted as B), but it 

didn’t support flexible, or dual ring, phase sequences. The phase allocation algorithm 

presented in this chapter applies a two-level optimization scheme based on the dual ring 

controller in which phase sequence and duration are optimized simultaneously. Also, 

stop-bar loop-detector data is added to address the low penetration rate situation and 

balance the serving of phases for non-connected vehicles. 

One of the major problems with the reliance of connected vehicle data for signal control 

is that the penetration rate of connected vehicles is low, at least for the next few years. 

Previous research showed that even after the federal mandate of DSRC on new light 

vehicles manufactured in U.S, it may take 25-30 years for connected vehicles to reach a 

95% penetration rate (Volpe National Transportation Systems Center, 2008). As a result, 

in order to provide more accurate arrival data for traffic control, the location and speed of 

unequipped vehicles need to be estimated from data from connected vehicles. 
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Section 5.2 introduces the phase allocation algorithm and Section 5.3 describes the 

“estimating the location and speed of unequipped vehicles” algorithm. Section 5.4 

illustrates the realization of the two algorithms. Section 5.5 presents test results of the two 

algorithms based on a VISSIM model. Section 5.6 provides a summary of this chapter. 

 

5.2 Phase Allocation Algorithm 

The phase allocation algorithm assigns signal phase sequences and durations based on 

predicted vehicle arrivals. The algorithm consists of two levels of optimization. At the 

upper level, a dynamic program (DP) is applied to each barrier group defined as the 

collection phases between two barriers of a standard NEMA dual-ring barrier structure as 

shown in Figure 5-1. The formulation can be extended to more general ring barrier 

controllers, but is limited to the dual ring in this dissertation. The calculation of the 

performance function of the upper level is passed to the lower level. The lower level 

(individual phase) optimization is formulated as a utility minimization problem. The 

objective can be either minimizing total vehicle delay or queue length based on different 

operational policies. The sequence of barrier groups is assumed to be fixed, but the order 

of phases within each ring in each barrier group can vary. Time is discretized to 1 second 

intervals and the optimization is performed over a predetermined planning horizon, e.g. 

two cycles. 
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Figure 5-1 Ring Barrier Controller Structure with Barrier Group Definition 

The following notation is used to define the algorithm: 

p: Phase index in each ring and barrier group 

r: Ring index in each barrier group 

j: Index of barrier groups. 

T: Total number of discrete time steps in the planning horizon, in seconds. 

J: Last stage calculated by the DP before stopping. 

xj: Control variable denoting the length of barrier group j. 

sj: State variable denoting the total number of time steps allocated to barrier group j. 

Xj(sj): Set of feasible control decisions, given barrier group state sj. 

fj(sj,xj): Performance measure at stage j, given barrier group state sj and control variable 

xj. 

vj(sj): Value function given barrier group state sj which represents the accumulated 

performance measure for the current and all previous stages. 

Rp,r: Phase Change interval which is the total of the yellow change and red clearance 

times of phase p in ring r. 

�����,� : Minimum green time of phase p in ring r. 

���	�,� : Maximum green time of phase p in ring r. 


����: Minimum possible barrier group length of stage j. 


���	: Maximum possible barrier group length of stage j. 

��,�: Green time of phase p in ring r. 

n: Planning time index. 

�,����: Queue length of phase p at time n in ring r. 
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 ���,����: Arrival flow rate for phase p at time n in ring r. 

���,����: Departure flow rate for phase p at time n in ring r. 

����,� , ��,��: Delay function for phase p in ring r given green time ��,� and phase change 

��,�. 

���, �, ��: Number of vehicle arrivals for phase p at time n in ring r based on the 

complete arrival table. 

 

The Upper Level 

The upper level DP uses a forward and a backward recursion. The forward recursion 

calculates the performance measure based on the decision and state variables and records 

the optimal value function for each stage. The backward recursion retrieves the optimal 

policy starting from the final stage working backwards. The details of the forward and 

backward recursion are described below. 

The forward recursion is based on the allocation of time to each barrier group as stages in 

the DP. Considering each barrier group as a stage, the algorithm plans as many stages as 

necessary to get the optimal solution. The ring and phase definition within one barrier 

group is defined in Figure 5-1. The phases in each barrier group are divided into two 

rings. r represents the ring index and p represents the phase index within the ring. Due to 

the variability of the traffic demand, the algorithm doesn’t produce a fixed cycle length.  

The minimum and maximum allowable barrier group lengths are calculated according to 

the signal timing parameters as shown in Equations 5-1 and 5-2. The parameters include 

minimum green, maximum green, yellow change and red clearance times of each phase. 

If one phase has no demand, this phase can be skipped which makes ���	�,� , �����,�  and Rp,r 
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equal to zero. The minimum green time and maximum green time is also related to green 

elapse time and pedestrian phase status. A more detailed determination process of �����,�  

and ���	�,�  is introduce in Section 5.4. 


���� = max {�����,� + ��,� + ���� ,� + ��,  , �����, + � ,� + ���� , + � ,  }                   (5-1) 


���	 = min {���	�,� + ��,� + ���	 ,� + ��,  , ���	�, + � ,� + ���	 , + � ,  }                 (5-2) 

Given state variable sj and the calculated minimum and maximum allowed phase group 

lengths, the set of feasible control variable can be determined by Equation 5-3. 


�$%�& = ' 0                                                                 )* %� < 
���� ,� - − %�/� ≤  
���� 
����, … , 
���	                                      )* %� ≥ 
���� 3�� - − %�/� > 
���	
����, … , - − %�/�                 )* %� ≥ 
���� 3�� 
���� ≤ - − %�/� ≤ 
���	   (5-3) 

The forward recursion is described as follows: 

Forward Recursion: 

Step 1: Set j=1 and vj(0)=0; 

Step 2: for sj=1,…, T 

5�$%�& = 6)�	7{*�$%� , 8�& + 5�/��%�/��|8� ∈ 
�$%�&} 

Record 8�∗�%�� as the optimal solution in Step 2.  

Step 3: if (j<3), j=j+1, go to step 2. 

  else if (vj-k(T)=vj(T)) for k=1, STOP. 

  Else j=j+1, and go to step 2. 

The forward recursion starts by assigning the first stage to be 1 and the cumulative value 

function as zero at the beginning of the planning horizon. For each stage, the DP 

calculates the optimal decision 8�∗�%��  for each state variable sj. The objective function 

*�$%� , 8�& in determining the state variable is passed to the lower level optimization with 
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the constraint on the control variable 8� . The stopping criteria is achieved if the 

cumulative value function can’t be improved within two barrier groups (one cycle). The 

justification of the stopping criterion can be found in (Sen and Head, 1997).  

Backward Recursion 

After all decisions are made in all stages, the optimal decision 8�∗�%�� of each stage can be 

retrieved by a backward recursion.  

Step1: %</�∗ =T 

Step2: for {j=J-1,J-2,…,1} 

%�/�∗ = %�∗ − 8�∗�%�� 

The optimal plan is retrieved from stage J-1 since the stopping criteria guarantees the last 

stage doesn’t improve the solution further.   

 

The Lower level 

In Step 2 of the forward recursion, fj(sj,xj), the optimal performance measure at stage j, 

given barrier group state sj and control xj, needs to be calculated. The value of fj(sj,xj) 

depends on the green duration and phase sequence of the jth barrier group. Different 

performance measurements can be considered as the objective function. The lower level 

optimization is formulated in Equations 5-4 to 5-11. 

Given xj is the length of the barrier group, the lower level problem solves one of the 

following optimization problems. Objective 5-4a minimizes the total vehicle delay while 

objective 5-4b minimizes the queue length. 

min ∑ ∑ ����,� , ��,�� �>� �>�                                               (5-4a) 

min ∑ ∑ �,�$%�/� + 8�& �>� �>�                                               (5-4b) 
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s.t. 

�$��,� , ��,�& = ∑ �,����?7@AB	7�>?7@AB�  , � = 1, 2;  � = 1, 2                             (5-5) 

�,���� = F38G�,��� − 1� + ���,���� − ���,����, 0H , � = 1, 2;  � = 1, 2                (5-6) 

 ���,���� = ���, �, ��                                                        (5-7) 

���,���� = IminG�?, �,��� − 1� + ���,����H  )* %�/� + 1 ≤ � ≤ %�/� + ��,�0                   )* %�/� + ��,� < � ≤ %�/� + 8� , � = 1, 2  (5-8) 

�� ,����
= IminG�?,  ,��� − 1� + �� ,����H  )* %�/� + ��,� + ��,� < � ≤ %�/� + ��,� + ��,� + � ,�0                  )* %�/� + ��,� + ��,� + � ,� < � ≤ %�/� + 8�  3�� � ≤ %�/� + ��,� + ��,� , 

� = 1,2       (5-9) 

 ∑ [��,� + �>� ��,�] = 8�                 � = 1, 2                                     (5-10) 

 �����,� ≤ ��,� ≤ ���	�,�                 � = 1, 2;  � = 1, 2                             (5-11) 

The total vehicle delay (Equation 5-5) is calculated as the summation of queue lengths of 

all phases in a barrier group during time (8�). The queue length at time step n (Equation 

5-6) depends on the queue length of time step n-1, the arrival flow (Equation 5-7) and 

departure flow during time step n, which follows the basic flow conservation relationship. 

The time step is assumed to be 1 second. 

Equations 5-8 and 5-9 consider different phase sequences. Equation 5-10 constrains the 

durations of two phases in each ring to be equal to the current decision variable xj. In 

addition, the duration of each phase is bounded by a lower limit and an upper limit which 

is shown in Equation 5-11.  

To solve the optimization problem, the combinations of the two phase duration and 

sequences are enumerated to find the minimum delay combination. This combination is 
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considered as the optimal phase duration and sequence for the given xj. A rolling-horizon 

approach is applied where the problem is solved again when one stage (barrier group) is 

executed in order to include more recent arrival data. 

The arrival flow of each phase at each time step (���, �, ��) comes from a predicted 

arrival table. The arrival table is a two dimensional matrix with time and phase 

respectively. The value in each cell is the number of vehicles that will arrive at the stop 

bar after time step n (ETA) requesting phase p in ring r and is the result of the traffic state 

estimation algorithm discussed in the following section. 

 

5.3 Estimation of Vehicle Location and Speed (EVLS) 

To construct a complete prediction arrival table, the location and speed of each vehicle on 

the roadway needs to be estimated from the available connected vehicle data. An 

algorithm called EVLS (Estimation of Location and Speed) serves this function. Figure 

5-2 describes the general framework of the algorithm. 

 

Figure 5-2 EVLS Algorithm Illustration 

The road segment of one movement near an intersection is divided into three regions: 

queuing region, slow-down region, and free-flow region. Black rectangles represent 

connected vehicles while white rectangles represent unequipped vehicles. In practice, the 

through movement is assumed to have three regions and the left turn movement is 
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assumed to have only two regions because a vehicle can only be identified as turning 

vehicle after it enters the left-turn bay. Due to the short length of the left-turn bay, it is 

highly unlikely that the vehicle is still in a free flow state. Different algorithms are 

applied to each region to estimate the location and speed of each unequipped vehicle. 

 

Queuing Region 

If a vehicle is in the queue, the speed is essentially zero leaving the location as the only 

parameter to estimate. The estimated arrival time of queued vehicles is set to zero in the 

arrival table, which means queuing vehicles need to be served as soon as possible. 

Therefore, only the number of queued vehicles is needed to construct the arrival table. 

In order to estimate the number of queued vehicles, it is critical to estimate the queue 

length. Since it is assumed that a queue always begins at the stop bar, the last vehicle in 

queue needs to be found to determine the queue length.  

First, the locations and stopping times of the last stopped connected vehicle and the 

second to the last stopped connected vehicle in queue are calculated, noted as Ds1, Ts1 Ds2 

and Ts2 respectively.  

The queue propagation speed vq between the last two stopped vehicles can be calculated 

as: 

 5L = MNA/MNOPNA/PNO  (5-12) 

It is possible that some unequipped vehicles may join the queue after the last connected 

vehicle was observed joining the queue. Because the arrival times of the unequipped 

vehicles are unknown, the arrival rate (or queue propagation speed) is assumed to remain 
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constant between the arrival of the last connected vehicle and the current time. Assuming 

the current time is Tc, the estimated queue length l can be estimated by Equation 5-13. 

 = Q?� + 5L�-R − -?��                                                     (5-13) 

In some cases, especially under lower penetration rates, there may be only one connected 

vehicle available within the whole queuing region, the calculation of queue length needs 

to be adjusted. Assuming the red signal starts at time Tr, and the stopping time of the only 

connected vehicle is Ts1. Then the queue propagation speed can be calculated as: 

5L = MNAPNA/PS                                                                 (5-14) 

It can be seen that at least one connected vehicle is needed to estimate the queue length. 

If the average vehicle length is C, the number of vehicles in queue N is then calculated as:  

N= (INTEGER) l/C                                                        (5-15) 

Since the actual traffic demand is stochastic and generally nonhomogeneous, it is 

possible that the last two connected vehicles join the queue in a relative short time but the 

arrival rate of unconnected vehicles drops significantly afterwards. In this case, if the 

queue propagation speed is multiplied by the difference between the arrival time of the 

last connected vehicle and the current time, the queue length can be overestimated. 

Therefore, Equation 5-13 is modified to Equation 5-16 to limit the queue propagation 

time interval. 

 = Q?� + 5Lmin [�-R − -?��, TUV�]                                            (5-16) 

where, Pr is the market penetration rate and ta is a calibrated parameter depending on the 

flow rate. The queue propagation time interval increases as the penetration rate decreases. 

The penetration rate of connected vehicles can be computed from the volume (measured 
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using a system detector) and the observed number of connected vehicles over a defined 

period of time – such as 15 minutes.  

 

The Slow-Down Region 

The estimation of vehicles in the slow-down region is inspired by (Goodall, 2013). A 

basic assumption of the estimation algorithm is that the moving vehicles in the slow-

down region react with their leading vehicle rationally by some car-following behavior. 

For simplicity, lane changing behavior is not considered. Wiedemann’s car following 

model is selected to describe the interaction. The Wiedemann car following model 

classifies the state of a moving vehicle into four stages: free flow, following, closing and 

emergency (Wiedemann, 1974). The classification is based on the relative position, speed 

and acceleration of the current vehicle with respect to its leading vehicle. Wiedemann’s 

model contains some calibration parameters that are calibrated based on each of the four 

stages. The meaning of each parameter is listed in Table 5-1. Some of the parameters and 

values are adopted from (Goodall, 2013) while some of them are modified for the 

estimation algorithm. 

The following steps describes the process of the algorithm. The process is repeated for 

each lane. 

Step 1: Identify all connected vehicles in the slow-down region including their location, 

speed and acceleration. The lower boundary of the slow-down region is the end of the 

queue. The upper boundary of the slow-down region is the calculated by Newton’s law 

by assuming initial free flow speed and desired deceleration rate. 
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Step 2: For one pair of adjacent connected vehicles, execute the state determination of the 

following vehicle as described in the flow chart in Figure 5-3 (a). 

Step 3: Repeat for each pair of connected vehicles in the slow-down region. 

The detailed description of step 2 is illustrated below. First, the vehicle state is 

determined by the classification based on Wiedemann’s model as shown in Figure 5-3 

(b). The calculation of the parameters in Figure 5-3 (b) is based on the parameter 

definitions in Table 5-1. 

The desired car following acceleration is calculated according to the vehicle state and 

then is compared to the actual acceleration. Previous research (Goodall, 2013) set the 

insertion criteria to be based on the actual acceleration being less than the desired 

acceleration by a predefined threshold, then it is assumed the current vehicle is reacting 

to a undetected unequipped vehicle. However, vehicles in the slow-down region will not 

be in the free flow state and the emergency state rarely happens. Following and closing 

states are more common states for vehicles in the slow-down region as they approach a 

queue at a traffic signal. Within these two states, the difference between the desired 

acceleration and actual acceleration seldom reaches the threshold. Therefore, a new 

criteria for vehicle insertion is proposed for this region: If the vehicle is in the closing 

state or the following state and the distance between the two connected vehicles is larger 

than two times the maximum car following distance (SDX), it is assumed a vehicle is 

inserted. 
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Table 5-1: Wiedemann Car-following Model Parameters Definition 

Notation Description Value Used Unit 

τ Acceleration difference threshold for vehicle insertion 1.96 m/s2 

Δx Headway xn-1-xn m 

Δv Relative velocity vn-vn-1 m/s 

an-1 Initial acceleration for inserted vehicle  Calculated m/s2 

v Minimum speed of vehicle and leader min{ vn,vn-1} m/s 

AX Minimum headway 6.56 m 

BX Calibration factor 2.5√5 - 

ABX Desired minimum headway at low Δv AX+BX m 

CX Calibration factor 40 - 

EX Calibration factor 1.5 - 

amax Max acceleration 3.5-3.5/40v m/s2 

amin Min acceleration -20+1.5/60v m/s2 

SDX Maximum flowing distance AX+EX×BX m 

SDV Decreasing speed difference ((Δx-AX)/CX)2 m/s 

OPDV Increasing speed difference -2.25SDV m/s 

λ Leading vehicle speed adjustment factor 0.162 - 
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             (a)  Vehicle Insertion Process                 (b) Vehicle State Determination Process 

Figure 5-3 Flow Chart of the Vehicle Insertion and State Determination Process 

Next, the location, speed and the acceleration of the inserted vehicle needs to be 

calculated. Suppose the following connected vehicle is the nth vehicle. The inserted 

vehicle is the (n-1)th vehicle. The speed of the (n-1)th vehicle depends on the speed and 

acceleration of the nth vehicle as shown in Equation 5-17: 

5�/� = F38 {5� + X3�, 0}                                                      (5-17) 

Previous research assumed the acceleration rate of the inserted vehicle is always 0 

because there is no direct way in Wiedemann’s model to calculate the value. This may be 

fine when the vehicle is in following state (e.g. driving on a free flow section or on a 

freeway). However, in the slow-down region, the acceleration rate usually is negative 

indicating the vehicle is seeking to stop. In this dissertation, if both of the leading (n-2)th 

and following (nth) vehicle of the inserted vehicle (n-1)th have negative accelerations, then 
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it is assumed that the inserted vehicle will have a negative acceleration as well and the 

deceleration value is determined by Table 5-2. The table shows the relationship between 

the current vehicle speed (vn-1) and the average deceleration rate based on empirical data 

(Wang et al., 2005). If the criteria is not satisfied, then the acceleration rate of the inserted 

vehicle is set to be zero. 

Table 5-2 Relationship between Current Speed and Deceleration Rate 

Deceleration Speed Deceleration 

0-10 0.91 

10-20 1.92 

20-30 1.82 

30-40 1.26 

40-50 0.67 

 

By estimating the acceleration of the inserted vehicle, the insertion process can be 

repeated without further simulation of the vehicle trajectory as in (Goodall, 2013) which 

can’t be applied in real-time. 

If the inserted vehicle is in the closing state, the space headway is estimated by Equation 

5-18. 

∆8 = �Z
 − 0.5 �]^_ {/`�a,ba}�O�a/�a@A                                                    (5-18) 

If the inserted vehicle is in the following state, the position of the vehicle is simply ∆8 =
�Z
. 

The inserted vehicle then becomes a known vehicle and the distance between newly 

inserted vehicle and the leading connected vehicle is calculated. The process is repeated 

until no vehicles can be inserted. In the low market penetration rate situation, the distance 



93 
 

between two connected vehicles can be very long, therefore the insertion process may be 

repeated several times. 

 

The Free Flow Region 

The vehicles in the free flow region are assumed to behave independently and not interact 

with other vehicles. As a result, no car following model is applied to estimate unequipped 

vehicles in this region. The number of equipped vehicles in all lanes is divided by the 

penetration rate to get the total number of vehicles. The unequipped vehicles can be 

located uniformly in each lane at random locations on the roadway. The speeds of the 

unequipped vehicles are assumed to be either the posted speed limit or the average speed 

of the connected vehicles observed in the field. When the penetration rate is extremely 

low (e.g. 1% or 2%), the total number of vehicles in the free flow region is limited to a 

fixed number. (e.g. 20 vehicles). In this case, one connected vehicle appeared in the free 

flow region will result in 100 total vehicles assuming the penetration rate is 1% which is 

obviously not realistic.  

Although this estimation is not very accurate, the delay caused by vehicles in the free 

flow region is small compared to the vehicles in the queuing or slow-down region mainly 

because these vehicles won’t introduce any delay until they arrive at the intersection. On 

the other hand, vehicles in queuing region introduce delay from the beginning of the 

planning horizon. 
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5.4 Algorithms Realization 

Section 5.2 and Section 5.3 described the mathematical models of the algorithms. This 

section introduces the realization of the two algorithms. The phase allocation algorithm 

plans two stages that will generate the optimal signal timing schedule for the current 

barrier group and the next barrier group (one cycle). A rolling-horizon scheme is 

implemented so both algorithms are solved after one barrier group has been implemented, 

usually at the beginning of next barrier group. Due to different traffic conditions, the 

algorithms may also be solved at different time points. For example, if a phase has heavy 

demand it may be allocated a long green time. It might be better to solve the problem 

again since new information would have been received. Based on the current traffic 

condition, current phase status, pedestrian phase status, and stop-bar detector status, each 

problem is constructed and solved independently. Figure 5-4 shows the flow of 

constructing each problem. 

Step 1: Read and calculate current signal information. The current signal status is read 

from the signal controller by NTCIP commands including current phases in each of the 

two rings. Elapsed green time of the current phases, and elapsed red time of all other 

phases. The elapsed green times of the current phases have an impact on the minimum 

green time and maximum green time calculation while the elapsed red times influence the 

queue length estimation in EVLS. If the current signal phase is in the clearance interval, 

including the yellow change and red clearance time, the algorithm will wait until the 

green starts. 
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Figure 5-4 Flow Chart of Constructing EVLS and Phase Allocation Algorithms 
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Step 2: Request vehicle trajectories from Vehicle Trajectory Awareness component. The 

Vehicle Trajectory Awareness component will send the active vehicle list which includes 

vehicle Temporary ID, speed, distance to stop bar, acceleration current approach, and 

current lane and stopped time if the vehicle is stopped. 

Step 3: Check penetration rate. If the penetration rate is great than 0.95, then the arrival 

table is directly derived from the data from the Vehicle Trajectory Awareness, so that the 

EVLS algorithm is skipped. If the penetration rate is less than or equal to 0.95, the EVLS 

algorithm is performed for each phase if the number of vehicle requesting this phase is 

not zero. Based on the new vehicle list generated from EVLS algorithm, the arrival table 

is constructed. 

Step 4: Determine skipped phase. The phase allocation algorithm allows phase skipping 

if there is no traffic demand. However, phase skipping is not allowed if there is at least 

one vehicle calling the phase. This updated rule makes the algorithm not purely based on 

performance indexes so that all phases can be served more equally compared to the 

original COP algorithm. It also ensures that a non-equipped vehicle cannot get trapped 

waiting for a phase to serve. If the demand of a phase is very low, then the algorithm will 

only assign the minimum green time to that phase. 

Step 5. Check stop-bar detector status. Under low penetration rate cases, it is possible that 

all the vehicles to be served by a phase are unequipped vehicles, especially for left turn 

phases. However, the ELVS algorithm requires at least one connected vehicle in each 

region. In such situation, the EVLS algorithm will not insert any vehicles and the phase 

allocation algorithm will skip the phase because of no estimated demand. Any 



97 
 

unequipped vehicles will be required to wait until one connected vehicle joins the queue. 

To address the problem, the stop-bar loop detector status is added to provide information 

for each phase. The algorithm will check the detector to determine if there a vehicle 

present so that the phase should not be skipped. If there is no connected vehicle in the 

lane but the detector is occupied, then the algorithm will not skip the phase and add one 

vehicle to the queue instead. 

Step 6. Add missing phase. The phase allocation algorithm is designed based on the 

structure of the dual-ring-barrier controller. The formulation of the algorithm requires 

phases in each ring in each barrier group. If one ring doesn’t have phases defined, then 

dummy phases are inserted to meet the requirement. For example, if phases 7 and 8 exist 

in the second barrier group in ring 2, but no phases exist in ring 1, then dummy phases 3 

and 4 will be added to complete the structure. The dummy phases share the same 

minimum green time and maximum green time as the real phases. However, they will not 

be implemented in the signal controller. This phasing can occur at T-intersections or at 

intersections that don’t have left turn phases. 

Step 7. Check conflicting phases. When the traffic demand is low, it is possible that all 

vehicles approaching the intersection request the current phase. That means there are no 

conflicting phase calls. This is common situation when main street traffic demand is high 

and side street traffic demand is very low. In this case, the algorithm will not solve the 

phase allocation algorithm, but will wait for one second and start the process over again.  

Step 8. Check pedestrian phase status and calls. If a pedestrian phase is currently in the 

walk or pedestrian clearance interval (flashing don’t walk), then the phase can’t be 

terminated until phase completes the pedestrian intervals. The status of the pedestrian 
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signals influences the minimum green time and maximum green time that can be planned 

in the phase allocation algorithm. 

Step 9. Modify minimum green time and maximum green time of each phase based on all 

previous steps. 

Additional notation is introduced to support the definition of these the calculations: 

�c�,�: Elapsed green time of phase p in ring r. Calculated as the current time minus the 

green start time if the phase is green. Zero if the phase is in yellow or red. 

d?e�,�: Binary variable. Equal to one if phase p in ring r is not skipped, zero otherwise. 

��f��,�: Green time of pedestrian phase p in ring r which is the summation of walk and 

pedestrian clearance (flash don’t walk) time. Zero, if a pedestrians p in ring r is in the 

don’t walk interval or doesn’t have a pedestrian call. 

�����,� ′: Modified minimum green time of phase p in ring r. 

���	�,� ′: Modified maximum green time of phase p in ring r. 

The modified minimum and maximum green time can be calculated through Equations 5-

19 and 5-20. 

�����,� ′ = [F38���f��,� , �����,� � − �c�,�]d?e�,�                                          (5-19) 

���	�,� ′ = [F38���f��,� , ���	�,� � − �c�,�]d?e�,�                                         (5-20) 

And Equation 5-11 becomes: 

 �����,� ′ ≤ ��,� ≤ ���	�,� ′               � = 1, 2;  � = 1, 2                             (5-21) 

Step 10. Run phase allocation algorithm with modified constraints. 
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5.5 Evaluation of the Algorithms 

To validate the adaptive control algorithm, the intersections of Gavilan Peak and Daisy 

Mountain in the Arizona Connected Vehicle Test Bed (Anthem, AZ) was modeled in 

VISSIM 6.0 using the Econolite ASC3 virtual signal controller. The intersection 

geometry and signal phase diagram is shown in Figure 5-5. 

The phase allocation algorithm and EVLS algorithm are executed at the beginning of 

each barrier group. To ensure a real-time capability, the phase allocation algorithm only 

plans 2 stages (barrier groups) with an 100s planning horizon. It applies a rolling-horizon 

approach where the problem is solved again when one stage (barrier group) is executed in 

order to include more recent arrival data. Before solving the phase allocation algorithm, 

the EVLS algorithm will be run to construct a complete arrival table if the market 

penetration rate is not greater than 95%. The combined processing time of the two 

algorithms takes about 2-3 seconds on an embedded 500MHz CPU running Linux.  

An example of the results of the EVLS algorithm are shown in Figure 5-6. This figure 

shows the estimated vehicle locations versus actual vehicle locations of both connected 

vehicles and unequipped vehicles for phase 2 (eastbound through movement) with 

different penetration rates (50% and 25%) under medium demand level. The vertical line 

are estimated boundaries of queuing region and slow-down region. 
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Figure 5-5 Geometry and Signal Phase Diagram of Gavilan Peak & Daisy Mountain 

Intersection 

The estimation of vehicles in the queuing region has the best performance which 

indicates the queue propagation speed and the average vehicle length is estimated 

accurately. The estimation in the slow-down region tends to insert more vehicles in some 

cases, such as lane 4 with 50% penetration rate, because the car-following distance is 

larger than two times of the maximum following distance, causing the insertion to be 

triggered. In this case, two more vehicles are inserted based on Wiedemann’s car 

following model. However in reality, different driving behaviors may result in longer car 

following distances, especially on the approach to a queue at a red traffic signal. On the 

other hand, in lane four of the 25% penetration rate case, because there is no connected 

vehicle in the slow-down region, hence no vehicle insertion is triggered. For the free flow 

region, since the insertion location is randomly selected, the location of the inserted 

vehicles are not very accurate. However, as discussed before, errors in free flow region 

have much less impact on the phase allocation algorithm than errors in the queuing 
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region. Overall, the performance of the algorithm shows that the estimated vehicle 

locations are similar to the true vehicle locations. 

Based on the results of the EVLS algorithm, the complete arrival table is constructed and 

used as the input for the phase allocation algorithm. Different scenarios with two 

different demand levels and four penetration rates were tested. The two demands levels 

are 500 and 667 veh/h/lane eastbound and westbound and 375 and 500 veh/h/lane 

northbound and southbound. Four sets of penetration rates are considered: 100%, 75%, 

50%, and 25%. A total of 1125 seconds are simulated for each scenario for which 125s 

are a warm-up period and 1000s are for data collection. 

 

(a) Result of EVLS algorithm with 50% penetration rate 
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(b) Result of EVLS algorithm with 25% penetration rate 

Figure 5-6 Estimated Locations of EVLS Algorithm with Different Penetration 

Rates 

The algorithms are run with different objective functions: minimizing total vehicle delay 

and minimizing queue length. The results of the algorithms are also compared to well-

tuned fully actuated control. The unit extension time of the fully actuated control is set to 

be 1.4s which is estimated by the recommendation from FHWA (Federal Highway 

Administration, 2013). Table 5-3 and Table 5-4 show the performance of the algorithms 

with different objective functions. 

The results show an improvement of the proposed algorithm compared to actuated 

control when the penetration rate is equal to or greater than 50% in almost all cases. 

Under the 100% penetration situation, the total delay is decreased by 10.04% and 14.67% 

under the two demand levels when minimizing total vehicle delay, respectively, and 

6.37% and 16.33% when minimizing queue length. As the penetration rate decreases, the 
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total delay tends to increase. Under the 500/375 demand level scenario, the performance 

of the algorithms under the 25% penetration rate assumption have higher total delay than 

actuated control for both objective functions. However, under the 667/500 demand level, 

both objective functions outperform actuated control. With the higher demand, the total 

number of connected vehicle is increased and the estimation errors in the EVLS 

algorithm are less. 

The average vehicle delay of each phase between two objective functions as well as 

actuated control are compared in a radar diagram (Khoshmagham et al., 2014) as shown 

in Figure 5-7. The radar diagram allows visualization of the performance measures by 

movement (phase) at the intersection. In a connected vehicle environment, it is possible 

to directly observe the performance of connected vehicles by movement and by mode. 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

Table 5-3 Comparison of Average (s/veh) Vehicle Delay for Each Phase and Total 

Vehicle Delay (s) Under Different Scenarios (Minimization of Total Vehicle Delay) 

500/375 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Actuation 36.22 30.65 34.28 35.39 36.82 27.46 38.19 31.64 
39546.26  

(0%) 

100% PR 43.98 22.85 44.32 26.89 42.12 22.32 37.74 26.90 
35576.17 
(-10.04%) 

75% PR 43.75 23.26 44.36 27.15 36.02 25.50 32.27 34.32 
35412.19 
(-10.45%) 

50% PR 40.22 24.48 40.75 31.25 36.80 23.45 39.20 26.79 
35806.88  
(-9.46%) 

25% PR 40.39 28.37 41.32 30.89 34.95 29.32 42.35 33.62 
39874.87 
(+0.83%) 

667/500 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Actuation 50.08 38.50 55.96 38.96 57.15 35.13 51.72 37.76 
64892.80 

(0%) 

100% PR 63.22 28.70 64.13 32.74 47.16 27.59 50.20 30.74 
55371.99 
(-14.67%) 

75% PR 61.71 30.89 57.01 34.33 61.01 30.76 43.32 31.96 
59004.30 
(-9.07%) 

50% PR 56.97 31.24 71.61 35.64 45.44 26.80 42.43 33.67 
56945.22 
(-12.25%) 

25% PR 47.98 31.21 55.19 34.47 42.12 32.32 47.85 32.93 
57094.73 
(-12.02%) 
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Table 5-4 Comparison of Average (s/veh) Vehicle Delay for Each Phase and Total 

Vehicle Delay (s) Under Different Scenarios (Minimization of Queue Length) 

500/375 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Actuation 36.22 30.65 34.28 35.39 36.82 27.46 38.19 31.64 
39546.26 

(0%) 

100% PR 33.49 30.37 38.70 29.91 36.47 25.27 31.40 27.63 
37027.40 
(-6.37%) 

75% PR 34.24 28.07 38.89 34.66 33.00 28.97 34.66 30.72 
38443.46 
(-2.79%) 

50% PR 28.22 31.90 33.62 28.01 34.27 25.90 35.82 28.03 
36538.61 
(-7.61%) 

25% PR 35.98 39.87 33.92 33.79 31.50 30.06 33.97 29.77 
41675.62 
(+5.38%) 

667/500 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Actuation 50.08 38.50 55.96 38.96 57.15 35.13 51.72 37.76 
64892.80 

(0%) 

100%  PR 39.44 34.75 41.85 33.51 34.84 28.93 36.26 33.43 
54297.80 
(-16.33%) 

75% PR 54.25 37.51 53.22 35.36 34.87 34.94 43.07 41.21 
62140.09 
(-4.24%) 

50% PR 44.75 34.30 53.36 37.07 37.99 32.95 41.61 34.26 
58856.05 
(-9.30%) 

25% PR 41.60 38.49 52.56 36.97 37.70 42.46 39.47 38.02 
64365.98 
(-0.81%) 
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Figure 5-7 Comparison of Average Vehicle Delay of Each Phase Under Different 

Objective Functions 

In general, minimization of total vehicle delay generates lower total vehicle delay 

compared to minimization of queue length. However, the variance of vehicle delay of 

each phase is much higher when minimizing total delay as shown in Table 5-5. The 

average vehicle delays of left turn phases are much higher than the delays of the through 
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phases. Because the phase allocation algorithm assigns the green duration based on 

vehicle delay, phases with higher volumes (number of vehicles) receive longer duration 

and priority which means the phase will be served first within a barrier group. In 

addition, the algorithm may terminate a left turn phase when the queue has not been fully 

discharged because the residual queue is not able to introduce enough delay compared to 

through phases. When the demand is higher, the difference is more significant. On the 

other hand, when minimizing the queue length, each phase is served more equally, but 

usually results in higher total vehicle delay. It depends on the policy makers to decide 

which strategy to implement when operating the signal. For example, if the traffic 

demand is high, the policy makers can use minimization of total vehicle delay as the 

objective function to reduce congestion. If the demand is low, minimization of queue 

length can be used to balance the service of each phase. 

Table 5-5 Variance of Average Delay over All Phases 

Penetration Rate 100% 75% 50% 25% 

500/375 

Demand Level 
79.21 / 17.24 59.23 / 10.93 46.29 / 11.56 27.23 / 9.61 

667/600 

Demand Level 
202.75 / 13.59 169.78 / 55.29 195.24 / 41.21 71.91 / 22.59 

Note: The values are: Variance of minimizing total vehicle delay / Variance of 

minimizing queue length 

 

5.6 Summary 

This chapter presents a real-time adaptive phase allocation algorithm for use in a 

connected vehicle environment. The algorithm utilizes vehicle location and speed data 

from connected vehicles as the input to optimize phase sequence and duration by solving 



108 
 

a two-level optimization problem. Since the penetration rate of connected vehicles is not 

100%, an algorithm named EVLS was developed to estimate vehicle states of unequipped 

vehicles based on connected vehicle data. Results shows the algorithms have better 

performance compared to well-tuned fully actuated control under different penetration 

rates. Under lower penetration rates, errors from ELVS algorithm reduce the potential 

performance of the algorithm. Further research can focus on developing a new vehicle 

state estimation algorithm utilizing both connected vehicle data and detector data.  
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Chapter 6 Intelligent Traffic Control – Dilemma 

Zone Protection 

 
 
 

6.1 Introduction 

Chapter 5 mainly focuses on improving the mobility of the traffic signal operations while 

this Chapter will put more emphasis on the safety aspect. Strategies to improve signalized 

intersection safety include geometric design modifications, changes to traffic control 

devices, enforcement and education (Antonucci, N.D et al., 2004). Based on the Fatality 

Analysis Reporting System (FARS) and National Automotive Sampling System-General 

Estimates System (NASS-GES) data (Choi , 2010), about 96 percent of intersection-

related crashes in 2008 were driving behavior related. One of the dangerous driving 

behaviors may occur if a driver is trapped in a dilemma zone. As defined in the ITE 

handbook, a dilemma zone is the range where a driver can’t stop safely or clear the 

intersection safely at the onset of the yellow change interval (ITE, 1982b). A vehicle in 

the dilemma zone may cause a rear-end crash if the driver chooses to stop abruptly or a 

right-angle crash if the driver runs the red light. 

While many dilemma zone elimination methods mainly focus on the physical aspect, 

drivers’ behavior near intersection can be affected by many social factors, such as their 

aggressiveness, trip purpose, and behavior of surrounding vehicles (Gates et al., 2007). 

Different driving behaviors may result in different number of vehicles in dilemma zone 

(NVDZ) although the physical dilemma zone remains the same. In addition, different 

signal timing plans may also change NVDZ significantly. 
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Section 6.2 will analyze different driving behaviors in the dilemma zone based on real 

world data and VISSIM simulation data. Based on the data analysis, Section 6.3 presents 

an analytical model to estimate NVDZ. Section 6.4 integrates the NVDZ calculation into 

both fixed-time coordinated signal control and connected vehicle based adaptive signal 

control. 

 

6.2 Dilemma Zone and Driving Behavior Analysis 

6.2.1 Empirical Analysis based on NGSIM Peachtree Street Data Set 

The NGSIM Peachtree Street data set is used for the dilemma zone analysis. Detailed 

traffic data including vehicle trajectories, signal timings, arterial geometry and video data 

were collected on a segment of Peachtree Street, in Atlanta Georgia, on November 8th, 

2006 (Cambridge Systematics Inc, 2007).This arterial segment is approximately 2,100 

feet in length, with five intersections and two or three main lanes in each direction as 

shown in Figure 6-1. The segment is divided into six links, numbered from one to six 

from south to north.  Links 1 and 6 turn out to be too short for data analysis, and thus the 

study area focuses on links 2 to 5 only. Among five intersections, four intersections are 

signalized, except intersection 4 which is un-signalized. The Peachtree Street data 

consists of two 15-minute time periods, 12:45 p.m. to 1:00 p.m. and 4:00 p.m. to 4:15 

p.m., respectively. In this study,  only data from the first 15-minute time period is used. 
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Figure 6-1 Peachtree Street Segment Geometry 

(Source: NGSIM Peachtree Street (Atlanta) Data Analysis Report (4:00 p.m. to 4:15 p.m.)) 
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The data consists of detailed individual vehicle trajectories with time and location 

stamps, from which the exact location of each individual vehicle at each time step can be 

obtained. Using signal timing and geometry data, the distance from a vehicle to the stop 

line at each intersection at the start of the yellow change interval can be calculated.  The 

definition of Type I dilemma zone and option zone (Gazis et al., 1960) has shown that the 

length and location of the dilemma zone depend on various factors including vehicle’s 

approaching speed (V0), maximum deceleration rate when stopping (a2), maximum 

acceleration rate when proceeding (a1), drivers’ perception reaction time (PRT) for 

proceeding (δ1) and stopping (δ2), length of yellow phase (τ), width of intersection (w), 

and average vehicle length (L). The institute of transportation engineers (ITE) has 

adopted these factors to measure the distance of dilemma zone (xdz), which is the gap 

between the minimum stopping distance (xc) and the maximum yellow passing distance 

(x0). The ITE equation of dilemma zone is shown below:  

8�h = 8R − 8i 

Where, 

8R = jik + ji 23  

8i = jil − �m + n� + 12 3��l − k��  

The length of the yellow change interval, width of intersection, vehicle’s approaching 

speed and average vehicle length can be obtained directly from the signal timing data, 

geo-map data and the vehicle trajectory data respectively.  In order to estimate the other 

parameters, the candidate dilemma zone vehicles must be identified. Since the sample 

size of trucks and buses in the NGSIM data is very small, only passenger cars are 
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included into the statistics. In addition, only through vehicles are considered because it is 

assumed that all turning vehicles have to slow down at the intersections regardless of the 

signal status. The candidate dilemma zone vehicles are defined as the last vehicle that 

proceeds at the end of the green/yellow interval or the first vehicle that stops for the red 

signal on each lane. The driver’s perception reaction time (PRT) δ1 and δ2 are defined as 

the time from the yellow signal onset to the time point when the vehicle has a 10% speed 

change. The maximum acceleration a1 and deceleration rate a2 vary from different drivers 

and different vehicle groups. Those parameters are more likely to be a distribution rather 

than a constant value. As a result, in practice, the average acceleration and deceleration 

rates are used (Liu et al., 2007a). The average deceleration rate is calculated from the first 

vehicle that stops for the red signal and the average acceleration rate is calculated from 

the last vehicle that proceeds at the end of the green/yellow interval. From the NGSIM 

data it can been observed that the same group of drivers drive through all four 

intersections. It is reasonable to assume that a driver’s reaction time, 

acceleration/deceleration rates and vehicle lengths are similar throughout all four 

intersections. The calculated parameters for each intersection are shown in Table 6-1.  
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Table 6-1 Parameters in ITE Dilemma Zone Model from NGSIM Peachtree Street 

Data 

 Intersection 1 Intersection 2 Intersection 3 Intersection5 

ττ (s) 3.2 3.2 3.2 3.2 
δ1 and δ2δ  

(s) 
1.18 1.18 1.18 1.18 

a2 (ft/s2) 6.11 6.11 6.11 6.11 

a1 (ft/s2) 0.40 0.40 0.40 0.40 

L (ft) 16.1 16.1 16.1 16.1 

Northbound 

V0 (ft/s) 40.44 37.23 38.79 34.74 

w (ft) 95 126 52 114 

Southbound 

V0vi (ft/s) 42.05 37.05 49.02 N/A 

w (ft) 99 134 65 97 

 
Based on the parameters, ranges of dilemma zones of intersection 1 through 5 are 

calculated based on the Type I definition and shown in Table 6-2.  

Table 6-2 Range of Dilemma Zone Calculation 

 xc x0 xdz 

Northbound 

Intersection 1 181.55 19.12 162.43 
Intersection 2 157.36 -22.15 179.51 
Intersection 3 168.90 56.84 112.06 
Intersection 5 139.75 -18.12 157.87 

Southbound 

Intersection 1 194.31 20.28 174.03 
Intersection 2 156.05 -20.72 186.78 
Intersection 3 254.49 76.58 177.91 
Intersection 5 N/A N/A N/A 

 
When the range of the dilemma zone is determined, the number of vehicles in the 

dilemma zone and their decisions (stop or go) can be calculated based on the distance 

from the vehicle to the stop line at the start of the yellow interval. The results are shown 

in Table 6-3. 
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Table 6-3 Number of Vehicles in dilemma zone and their decisions 

 Total Vehicle Vehicle in DZ Stop Pass Ratio 

Northbound 

Intersection 2 146 8 3 5 5.48% 
Intersection 3 140 10 4 6 7.14% 
Intersection 5 117 3 1 2 2.56% 

Southbound 

Intersection 1 96 5 5 0 5.21% 
Intersection 2 125 7 3 4 5.60% 
Intersection 3 124 4 0 4 3.23% 

 

From Table 6-3, the number of vehicles trapped in dilemma zone ranges from 2.56% to 

7.14%, and the total number of “Stop” (i.e., 16 vehicles) is less than the total number of 

“Pass” (i.e., 21 vehicles).  

However, in reality more factors may influence a driver’s dilemma zone decision other 

than those listed in the ITE equation. For example, it is plausible that some drivers may 

consider it is safe to pass the intersection during the all-red clearance time. In this case, 

the all-red clearance time is considered as part of the yellow interval, the length of the 

dilemma zone for those drivers can be significantly reduced which in turn reduces the 

number of vehicles in the dilemma zone. Table 6-4 shows the range of dilemma zone and 

the number of vehicles in the dilemma zone when the all-red clearance time is considered 

as part of the yellow change interval. 

Comparing Table 6-3 and Table 6-4 , it is shown that both the dilemma zone range and 

the number of vehicles in dilemma zone are greatly reduced (from 37 to 12) when the all-

red clearance time is included. 
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Table 6-4 Dilemma Zone Range and Number of Vehicles in the Dilemma Zone 

Considering All-red Clearance Time 

 
DZ 

Range 
Total 

Vehicle 
Vehicle in DZ Stop Pass Ratio 

Northbound 

Intersection 2 59.67 146 1 2 0 0.69% 
Intersection 3 44.16 140 1 1 0 0.71% 
Intersection 5 56.76 117 1 0 1 0.85% 

Southbound 

Intersection 1 87.52 96 4 4 0 4.26% 
Intersection 2 67.49 125 3 1 2 2.40% 
Intersection 3 92.62 124 2 0 2 1.61% 

 

To further investigate whether or not the all-red clearance should be included into the 

dilemma zone calculation, the following two phenomena are checked for vehicles in the 

dilemma zone with all-red clearance time included: 

• If a vehicle chooses to stop, whether its deceleration rate is significantly higher than 

the average deceleration rate. 

• If a vehicle chooses to pass, whether it is still in the intersection at the end of yellow 

change interval or at the end of all-red clearance time. 

Table 6-5 shows the deceleration rates for vehicles that choose to stop. It is difficult to 

draw the conclusion that the deceleration rate is statistically significantly higher than the 

average deceleration since the sample size is too small. Table 6-6 shows that all five 

vehicles were still in the intersection when the yellow time ended and three out of five 

cleared the intersection before the all-red clearance ended. It is a strong indication that 

those drivers tend to consider all-red clearance as a “safe” time period to pass the 

intersection in addition to the yellow time. Note that in Table 6-2, at intersection 2, x0, 

which is critical distance to pass the intersection safely, is negative for both northbound 
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and southbound directions. That means that even if the vehicle is in the intersection when 

the yellow change interval begins, it is still not able to clear the intersection before the 

yellow change interval ends because the intersection is very wide compared to the 

approach speed. In this case, drivers have to use part of the all-red clearance time to pass 

the intersection. Therefore, it might be necessary to include the all-red clearance time into 

the dilemma zone calculation. In addition, surrounding vehicles including leading, 

trailing and adjacent vehicles may also impact the dilemma zone decision behaviour. For 

example, if an adjacent leading vehicle chooses to pass the intersection at the yellow 

onset, the following vehicle may also choose to proceed. 

Table 6-5 Deceleration Rate of Stopping Vehicles Compared to Average 

Deceleration Rate 

Vehicle ID 1337 832 1164 564 1147 202 1082 

Decel Rate(ft/s2) 5.96 6.02 7.16 11.01 5.41 8.26 6.12 

Ave Decel(ft/s2) 6.11 6.11 6.11 6.11 6.11 6.11 6.11 

 

Table 6-6 Vehicle Location at End of Yellow Change or End of All-red Clearance  

Vehicle ID 1184 595 986 707 1162 

Did vehicle clear intersection at end of yellow? NO NO NO NO NO 

Did vehicle clear intersection at end of all-red? YES YES NO YES NO 

 

6.2.2 Empirical Analysis based on VISSIM Dilemma Zone Model 

The dilemma zone analysis based on NGSIM data identifies more factors that need to be 

included in the modeling framework at the macroscopic level. However, dilemma zone 
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behavior is closely related to driving behaviors at the microscopic level. This section 

examines the dilemma zone model in the VISSIM microscopic simulation.  

The current VISSIM dilemma zone model has two approaches: continuous check model 

and one-time decision model (PTV, 2013). In the continuous check model, drivers will 

continuously check whether to stop while approaching a yellow signal.  In the one-time 

decision drivers will make a stop or go decision using a logit-based model as soon as they 

see the yellow signal. 

The VISSIM models have several shortcomings that prevent the VISSIM dilemma zone 

model from modeling realistic driving behaviors. Those shortcomings include: 

• Vehicles response to yellow-time only without considering the width of the 

intersection 

• Vehicles do not have reaction time; deceleration is applied immediately 

• No acceleration is applied if the vehicles decide to pass 

To study the VISSIM dilemma zone model further, a VISSIM model for the Peachtree 

Street scenario was developed. The model was calibrated including the geometry, vehicle 

composition, vehicle speed, vehicle acceleration and deceleration, signal timings, and O-

D demand using the field data from the NGSIM data set. By examining the simulation 

outputs, three major dilemma zone behaviors were observed: 

• Case 1: Accelerate Again after Failed to Fully Stop 

Vehicles that failed to fully stop at the stop line would continue to accelerate after 

passing the stop line regardless of the signal state in the one-time decision model. Figure 

6-2 shows the vehicle trajectory in a time-space diagram exhibiting this behavior. The 

yellow and red vertical bars are the start time of yellow and all-red clearance time. It 
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shows that deceleration is applied immediate at the yellow onset (at 288s) and there is no 

reaction time. As soon as the vehicle passed the stop line (at 289.2s), it started to 

accelerate again. This is because the signal is installed at the stop line in VISSIM. When 

a vehicle passes the stop line, VISSIM will automatically choose the next signal (usually 

at the next intersection) as the new stop line. As the new stop line is far away from the 

vehicle’s current position, the vehicle will accelerate again, which is not realistic 

behavior. 

 

Figure 6-2 Vehicle Trajectory of Accelerate Again After Failed to Fully Stop 

• Case 2: Different Stop and Go Decision under Different Modes 

The continuous check model and the one-decision model give different decisions for the 

same vehicle.  For example, a vehicle that is not the first vehicle in the platoon to 

response the yellow signal is likely to choose to stop in the continuous check model.  

However, in the one-decision model, the vehicle might change lanes, over take its leading 

vehicle and pass the intersection. Figure 6-3 shows different behaviors for the same 

vehicle under different decision models. The trajectories under the two models overlap 

with each other before 575.2s. Then vehicle under the continuous check model started to 
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decelerate while the same vehicle under one-decision mode started to accelerate. 

Actually, the vehicle was still far away from the intersection when the signal changed to 

the yellow indication. For the trajectory under one-decision model, the vehicle didn’t 

arrive at the stop-line when all-red clearance time began and thus the vehicle violated the 

red indication. Moreover, when the green phase of eastbound or westbound began, the 

vehicle was still in the intersection which may cause accident. This behavior may 

represent highly aggressive drivers. 

 

Figure 6-3 Different Stop and Go Decision under Different Modes 

• Case 3: Change of Decision 

It was observed that a vehicle may change its decision while approaching the intersection 

under the continuous check model.  For example, a vehicle may first decelerate and then 

accelerate to proceed through the intersection.  This decision change is not caused by 

passing the stop line but controlled by the logic of the continuous check model. Figure 

6-4 reveals the behavior. 
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Figure 6-4 Change of Decision under Continuous Check Mode 

In Figure 6-4, the vehicle started to decelerate at the start of the yellow change interval 

(still no reaction time). At 289.8s which was about two seconds later, the vehicle started 

to accelerate again. The difference between this behavior and the first behavior is that in 

this case, the change of behavior is not triggered by the stop-line. It is also noted that 

because of the change, this vehicle barely passed the stop-line when all-red clearance 

time started. 

 

6.3 Analytical Model of Calculating NVDZ 

Different from the previous research that estimated the range of the dilemma zone, this 

section focuses on the number of vehicles trapped in the dilemma zone (NVDZ) at the 

onset of the yellow change interval.  

The NVDZ have been primarily estimated through empirical field studies. A number of 

techniques have been used to collect data including: video recording (Liu et al., 2007b), 

radar gun (Papaioannou, 2007) and test drivers (El-Shawarby et al., 2006). Although field 
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experiments result in real world data sets, they require a great deal of the time and human 

resources.   

This section proposes an analytical model for estimating NVDZ at each intersection 

given signal timing, arterial geometry, traffic demand, and driving characteristics (mean 

and standard deviation of vehicle speed) in a coordinated arterial segment. Based on 

Robertson’s platoon dispersion model (Robertson, 1969b), this model calculates the flow 

rates in the dilemma zone area at every yellow onset. Queue lengths are calculated as 

well because dilemma zone behavior only occurs when there is no queue at the 

intersection at the point of yellow onset. That means that during oversaturated conditions, 

when there is a residual queue at yellow onset, a vehicle has to stop due to the queue. 

Then a VISSIM microscopic simulation model is used to calibrated and validate the 

NVDZ estimation model. Because dilemma zone models in VISSIM are not realistic, 

only vehicle locations and speeds at the start of the yellow change interval from VISSIM 

are analyzed to compare with results from the analytical model. 

6.3.1 Model Formulation 

In order to calculate NVDZ, the following information is assumed to be prior knowledge: 

• Signal settings: cycle length, phase splits, offset, green duration, yellow change 

interval duration, and all-red clearance duration, at each intersection. 

• Arterial geometry: length, number of lanes, and speed limit. 

• Traffic demand for each incoming link per hour per lane. 

• Speed characteristics: mean and standard deviation of vehicle speeds. 

It is reasonable to assume that only through movement vehicles may be in the dilemma 

zone. Turning vehicles will be required to slow down when approaching intersection 
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regardless of the status of the signal. As a result, no left-turn phases are included in the 

signal setting formulation. For convenience, through phases are constructed based on the 

standard North American NEMA during-ring structure in which phases 2, 4, 6, and 8 

serve the westbound, southbound, eastbound, and northbound concurrent arrivals, 

respectively. Each phase represents one movement at an intersection. 

The following notation is used in the formulation: 

i: Phase index. 

k: Cycle length index. 

n: Intersection index. 

t: Discrete time index (1s). 

j: Dilemma zone section index. 

r: Set of phases. 

s: Set of cycle lengths. 

t: Set of intersections. 

-: Total simulation time horizon. 

u: Total number of dilemma zone sections per lane per approach. 

v�), w, ��: Starting time of phase i during cycle k at intersection n. 

v���: Offset of intersection n. 

x: Unified cycle length of the segment. 

��), w, ��: Duration of phase i during cycle k at intersection n. 

��), w, ��: Green time of phase i during cycle k at intersection n.  

y�), ��: Yellow time of phase i during cycle k at intersection n. 

-%�), w, ��: Start-up delay of phase i during cycle k at intersection n. 
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 yz�), w, ��: Yellow change interval time of phase i during cycle k at intersection n. 

��), w, ��: All-red clearance time of phase i during cycle k at intersection n. 

����: Minimum green time. 

���	: Maximum green time. 

x���: Minimum cycle length. 

x��	: Maximum cycle length. 

d�), {, ��: Binary variable. Equal to one if vehicles are allowed to exit intersection n 

during service of phase i at time t and 0 otherwise. 

�), {, ��: Queue length associated with phase i of intersection n at time t. 

���), {, ��: Arrival flow at the internal links of phase i of intersection n at time t. 

���), {, ��: Departure flow from the intersection associated with phase i of intersection n 

at time t. 

����), {, ��: Arrival flow at external links of phase i of intersection n at time t. 

l: Travel time coefficient for the platoon dispersion model. 

|: Platoon dispersion parameter.    

�?: Saturation flow rate (veh/s). 

�f��), {, ��: Incoming flow at boundary links of the network of phase i of intersection n at 

time t. 

}�h�), {, ��: Flow in dilemma zone of phase i of intersection n at time t. 

��h� �), {, ��: Flow in dilemma zone of phase i of intersection n at time t in dilemma zone 

section j.  

M: A very large positive number. 
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Figure 6-5 shows the network structure with main variables. Time t is discrete with 

increment of every 1 second. 

 

Figure 6-5 Arterial Segment with Main Variables 

The model first calculates the effective green time by determining the binary variable 

d�), {, ��. Then a platoon dispersion model is applied to calculate the in-flow, out-flow 

and queue length of each time step at each intersection. Finally, based on the queue 

length and signal change status when the signal changes from green to yellow, the NVDZ 

is calculated. 

Given the signal settings, the model first calculates whether the flow is allowed to exit the 

intersection along the time horizon T through equation 6-1 to 6-4. 

~ d�), {, �����,e,��B���,e,��B�R��,e,��
T>���,e,��B�BP?��,e,�� = ��), w, ��      

∀), w, �;  ��), w, �� + v�), w, �� + yz�), w, �� ≤ wx or v�), w, �� + -%�), w, �� ≥ wx 

(6-1) 

~ d�), {, �����,e,��BP?��,e,��
T>�e/���B� + ~ d�), {, ��e�

T>���,e,��B���,e,��B�B�R��,e,�� = 0                
 ∀), w, �;  ��), w, �� + v�), w, �� + yz�), w, �� ≤ wx or v�), w, �� + -%�), w, �� ≥ wx (6-2) 

~ d�), {, �����,e,��B���,e,��B�R��,e,��/e�
T>�e/���B� + ~ d�), {, ��e�

T>���,e,��B�BP?��,e,�� = ��), w, ��  
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 ∀), w, �;  ��), w, �� + v�), w, �� + yz�), w, �� > wx and v�), w, �� + -%�), w, �� < wx (6-3) 

~ d�), {, �����,e,��BP?��,e,��
T>���,e,��B���,e,��B�R��,e,��/e�B� = 0    

 ∀), w, �;  ��), w, �� + v�), w, �� + yz�), w, �� > wx and v�), w, �� + -%�), w, �� < w  (6-4) 

A binary variable d�), {, ��  is introduced to represent flow being allowed to exit the 

intersection. Because of the start-up delay and yellow compensation time, the effective 

green time is not consistent with green duration. The yellow compensation time is part 

the yellow interval during which the vehicles are still entering the intersection. The 

effective green time is calculated as the green duration minus start-up delay then plus the 

yellow compensation time which is a portion of yellow interval that vehicles pass the 

intersection. The binary variable controls the departure flow of the intersection for 

different situations. Equations 6-1 and 6-2 consider the situations that effective green 

time is continuous within one cycle and Equation 6-3 and 6-4 consider the situation that 

effective green time is divided into two parts.  

�), {, �� =  max�0, �), { − 1, �� + [���), {, �� − ���), {, ��]�        ∀), w, �                  (6-5) 

���), {, �� = |����), { − l, �� + �1 − |����), { − 1, ��     ∀), w, �                         (6-6) 

���), {, �� = F)� [�?, �), { − 1, �� + ���), {, ��]d�), {, ��        ∀), w, �                      (6-7) 

����), {, � + 1� = ���), {, ��                ∀) = 6, {, � = 1 … t − 1                       (6-8) 

����), {, � − 1� = ���), {, ��                ∀) = 2, {, � = 2 … t                          (6-9) 

����2, {, t� = �f��2, {, t�  ∀{                                                (6-10) 

����6, {, 1� = �f��6, {, 1�  ∀{                                               (6-11) 

����), {, �� = �f��), {, ��      ∀{, �, ) = 4, 8                                      (6-12) 
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Equations 6-5 to 6-12 calculate the queue length for each approach (phase) at each time 

step. The queue length at time step t (Equation 6-5) depends on the queue length at time 

step t-1, arrival flow and departure flow at time step t, which is the basic flow 

conservation relationship. Equation 6-6 applies Robertson’s platoon dispersion model to 

calculate the arrival flow at the downstream intersection. The platoon dispersion model 

describes the movement of vehicles from upstream intersections to downstream 

intersections. There are two parameters F and τ in the model that need to be calibrated. 

The calibration process is introduced in detail next. In equation 6-7, the departure flow is 

dependent on the binary variable d�), {, �� and is bounded by saturation flow rate qs. 

Equations 6-8 to 6-12 relate the arrival flow at the link entrance, departure flow, and 

incoming flow at boundary links of the network. 

}�h�), {, �� = ∑ ��h��∈< �), {, ��                  ∀ ), �, {, �                            (6-13) 

��h� �), {, �� = F38�G|����), { − l + �, �� + �1 − |���h� �), { − 1, ��H[d�), {, ��][1
− d�), { + 1, ��][1 − 6�), {, ��], 0� 

(6-14) 

The type II dilemma zone definition - travel time to the stop line is used to determine the 

NVDZ, N(i,t,n). In the original platoon dispersion model parameter l  represents the 

average travel time from the link entrance to the stop line. Then l − �  becomes the 

average travel time from the link entrance to the location that is j seconds away from stop 

line. This is equivalent to moving the stop line j seconds upstream based on the current 

speed. j is called a dilemma zone section. Note that a dilemma zone only occurs at the 

time of yellow onset and zero queue existence. In Equation 6-14, only when d�), {, �� and 

1 − d�), { + 1, �� are both 1, which means at time step t the signal changes from green to 
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yellow, will the flow in the dilemma zone section not be zero. If the queue length 

�), {, ��  is not zero, then 1 − 6�), {, ��  becomes a negative number and the max 

function ensures the result is nonnegative. The total NVDZ is then the summation of all 

the dilemma zone sections from each approach (Equation 6-13). 

 

6.3.2 Model Validation 

A VISSIM simulation model was constructed to validate the NVDZ calculation. VISSIM 

is a microscopic simulation tool. However, the mathematical formulation is based on the 

macroscopic platoon dispersion model. Therefore, calibration of the platoon dispersion 

parameters is necessary to verify the consistency between different models.  

Equation 6-6 represents the original platoon dispersion model, in which l = �{� and | =
��B��TU. � is the platoon dispersion factor,  � is the travel time factor and ta is the average 

travel time. These three parameters need to be calibrated. The original platoon dispersion 

model can be reformulated as Equation 6-15. 

���{� = ∑ [|�1 − |��/�]����{ − )���>�                                                (6-15) 

Noticing that the travel time l follows a geometric distribution with parameter F, Yu (Yu, 

2000) proposed a method to calibrate platoon dispersion parameter by travel time 

statistics. He found that different forms of travel time distributions resulted in similar 

downstream arrival patterns. Only the mean and standard deviation of travel time were 

required to calculate the platoon dispersion parameters. Yu’s method is used for 

calibration. 

The calibration process can be described by following steps: 
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Step 1: Set up the network and traffic parameters (geometry, link length, free flow speed, 

traffic demand and signal timing) in both VISSIM and in the analytical model. 

Step 2: Run VISSIM to get the mean and standard deviation of free flow travel time from 

the output file. 

Step 3: Calculate the platoon dispersion parameters for analytical model using Yu’s 

method. 

Step 4: Calculate NVDZ using the analytical model based on the calibrated platoon 

dispersion parameters. 

Step 5: Calculate NVDZ from the VISSIM data. The travel time to the stop line is 

calculated by the distance to stop line divided by the vehicle’s speed at the onset of 

yellow. 

Step 6: Compare NVDZ result from Step 5 and Step 3. 

A three intersection arterial network is constructed in both VISSIM and the analytical 

model (similar structure as shown in Figure 6-5). The network has one lane for each 

approach. Lengths of all links are set to be 1000 feet. It is assumed that the east-west 

direction is the main street and the north-south directions are the side streets. The free 

flow speed of the main street is 45 mph and the side streets are 30 mph. For illustration 

purposes, only intersection 2 is considered for NVDZ calculation. Furthermore, only the 

east-west direction is considered to have dilemma zones. This is based on the assumption 

that a dilemma zone can only exist at high speed intersections, therefore the 30 mph 

speed for the side streets is too low. However, the traffic flow model (platoon dispersion) 

is implemented for all links of all intersections. The arrival rates are uniform with 450 

veh/h/lane for both directions on main street and 225 veh/h/lane for all side streets. The 
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saturation flow rate is 0.5 veh/sec which equals a capacity of 1800 veh/h/lane. Assuming 

50% effective green time, the v/c ratio for main street is about 0.5. The demand is set to 

be medium because dilemma zones occur more frequently under low volume conditions. 

Under oversaturation condition, the dilemma zone does not exist because there is usually 

residual queue at the yellow onset. Yellow change times are set to 4 and 3 seconds for the 

main street and side streets, respectively, due to different speed limits. Red clearance time 

is set to 2 seconds for all intersections.  

Start-up delay is set to be 2 seconds and the departure rate during yellow time is assumed 

to be the same as green time. As a result, Equation 6-14 is modified to:  

��h� �), {, �� = max�G|����), { − l + �, �� + �1 − |���h� �), { − 1, ��H[d�), { + 4, ��][1 −
d�), { + 5, ��][1 − 6�), {, ��], 0� (6-16) 

The average travel time, standard deviation (from VISSIM) and the calibrated platoon 

dispersion parameters used in the analytical model are shown in Table 6-7. 

Table 6-7 Calibrated Platoon Dispersion Parameter 

 ta � � � F 

E-W 15.70 0.85 0.97 0.032 0.672 

N-S 20.70 1.23 0.96 0.042 0.545 

 

A number of signal settings with different cycle lengths, green times, and offsets were 

tested. Dilemma zone sections are set to be 2, 3, and 4 second travel times from the stop 

line. The time horizon for the analytical model is 700 seconds. The first 200 seconds are 

the warm up period and data is collected for the next 500 seconds. The NVDZ value from 

the analytical model in Table 6-8 shows the NVDZ per cycle over the 500 seconds. 

Because of the stochastic demand generation in VISSIM, the simulation horizon is set to 
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be 3600 seconds. The first 200 seconds are warm-up time and the next 3400 seconds are 

used to collect data. The values shown are NVDZ from VISSIM is NVDZ per cycle. 

Table 6-8 shows the comparison between VISSIM and the analytical model. It can be 

seen that the value of NVDZ is very close in the two models that demonstrates the 

validation of the analytical model especially under lower cycle lengths. 

Table 6-8 NVDZ Comparison between Analytical Model and VISSIM Simulation 

Cycle Length 60 70 80 90 100 

Green Time (Phase 2 & 6) 29 34 39 44 49 

Offset 13 12 13 12 13 

NVDZ/cycle from Analytical 0.72 0.67 0.77 0.74 0.68 

NVDZ/cycle from VISSIM 0.72 0.66 0.71 0.72 0.56 

 

6.4 Integration of Dilemma Zone Protection with Traffic Control 

Different signal timings may not change the range of the dilemma zone assuming the 

duration of the yellow change interval is constant, but may greatly affect the number of 

vehicles in the dilemma zone. Most dilemma zone research only considers isolated 

intersections. If the intersections are part of a coordinated system, the arrival pattern from 

an upstream intersection can be very different from the arrival pattern at an isolated 

intersection.  A properly tuned traffic signal should be able to reduce the number of 

vehicles in dilemma zone (NVDZ) and thus improve intersection safety. Traditional 

dilemma zone protection relies mostly on historical data or real-time loop-detector data. 

In a connected vehicle environment, BSMs from connected vehicles provide more direct 

measurement of vehicle location and speed which can be used in dilemma zone 

protection.  
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This section integrates the NVDZ estimation method into a mathematical framework for 

fixed-time coordinated signal control as well as connected vehicle based adaptive signal 

control. Total or average vehicle delay, which represents the efficiency of the 

intersection, is obtained from the queue length estimates. NVDZ is used to represent the 

safety of the intersection. Current signal optimization methods primarily focus on how to 

improve the efficiency of the intersection rather than the safety. Usually, the objectives of 

signal optimization are maximizing throughput, minimizing delay, or some combination 

performance index (PI). Some studies have investigated factors such as the number of 

stops at intersection, arrivals during green, or vehicle emission. Safety factors are seldom 

taken into consideration directly in the optimization. 

 

6.4.1 Integration with Fixed-timing Coordinated Signal Control 

NVDZ can be considered as a measurement of safety. Results from Table 6-8 show that 

NVDZ can be very different under different signal settings. Equations 6-5 to 6-12 model 

the queue lengths of all approaches at each intersection for every time step. Because the 

time is discretized to 1 second, the total delay of an intersection is just the summation of 

the queue length of all approaches over time. This section presents an optimization 

problem based on the analytical model considering both efficiency in terms of delay and 

safety in terms of NVDZ of the intersection. 

6.4.1.1 Trade-off between Safety and Efficiency 

The two objectives are to minimize total delay and minimize NVDZ. The objective 

function is expressed by Equation 6-17. 

��� {∑ ∑ ∑ �), {, ���∈�T∈P�∈� , ∑ ∑ ∑ }�h�), {, ���∈�T∈P�∈�  }                          (6-17) 
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The decision variables are offset, green time and cycle length. The additional signal 

timing constrains are summarized in Equations 6-18 to 6-26. 

v�2, w, �� = v�6, w, �� = v��� + x × �w − 1�             ∀w, �                               (6-18) 

v�4, w, �� = v�2, w, �� + ��2, w, ��                 ∀w, �                                     (6-19) 

v�8, w, �� = v�6, w, �� + ��6, w, ��                 ∀w, �                                     (6-20) 

��), w, �� = ��), w, �� + y�), w, �� + ��), w, ��                   ∀), w, �                            (6-21) 

��2, w, �� + ��4, w, �� = x                   ∀w, �                                             (6-22) 

��6, w, �� + ��8, w, �� = x                   ∀w, �                                             (6-23) 

���� ≤ ��), w, �� ≤ ���	                  ∀), w, �                                      (6-24) 

x��� ≤ x ≤ x��	                                                                       (6-25) 

               0 ≤ v��� ≤ x − 1                        ∀�                                            (6-26) 

A MATLAB program was developed to solve the non-linear mixed integer optimization 

problem. The cycle length is limited to be between 50s and 100s. The minimum green 

time of 15s and a maximum green time of C-15 are used in the simulation. The algorithm 

performed an exhaustive search of combinations of the decision variables within the 

feasible solution set. Basically, the number of combinations equals to Cyclelength ×
Offset × Green Time. The computation time is about 1.2 minutes on an Intel Core™ 2 

@2.66GHz desktop PC. Figure 6-6 shows the Pareto frontiers of the delay and NVDZ. 

Average delay per vehicle is applied by dividing total delay by total number of vehicles. 

Each point in Figure 6-6 represents a Pareto optimal solution that can’t be improved in 

one objective without impairing the other. It can be seen that the average delay and 

NVDZ are competing objectives that can’t be optimized at the same time. A short 

average delay must result in a high NVDZ and verse vice. Since Pareto optimal solutions 
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are not unique, different weights can be assigned to each objective to achieve a unique 

solution. The next section applies an economic model to balance the two objectives. 

  

Figure 6-6 Pareto Frontiers of Average Delay and NVDZ 

6.4.1.2 Linear Scalarization Using Economic Model 

A single-objective optimization is formulated by linear scalarization of the objective 

function as shown in Equation 6-27. 

��� {m� ∑ ∑ ∑ �), {, ���∈�T∈P�∈� +  m ∑ ∑ ∑ }�h�), {, ���∈�T∈P�∈�  }                     (6-27) 

The weights w1 and w2 are determined based on an economic model by Sharma et al. 

(Sharma et al., 2011b). In their model, both delay and risk in the dilemma zone is 

quantified into monetary values. Delay is multiplied by the cost of delay ($/veh/s). Mean 

hourly rate income of $20.32/hr for the United States is used for the cost of delay. 

Assuming there is only one passenger in each vehicle, then w1 = 20.32/3600=0.00564 

($/veh/s). On the other hand, safety is measured by multiplying the cost of traffic 

conflicts by expected probability of having conflict. The estimated cost associated with a 
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traffic conflict is $1.13. The expected probability of traffic conflict for vehicles in the 

dilemma zone is about 0.27 (Sharma et al., 2011b). Then w2 = 1.13*0.27=0.305 ($/veh in 

dilemma zone). Here it is essential to highlight that the expected probability of traffic 

conflict varies from case to case.  

Two optimization programs are run to show the differences between considering and not 

considering NVDZ where delay is the only objective. All of the parameters are set to the 

same values as calibrated previously except the link length is set to 2000 feet to allow 

further platoon dispersion. Figure 6-7, Figure 6-8 and Figure 6-9 show the total delay of 

the intersection two, NVDZ, and total cost of optimal signal plan in terms of total cost 

under different cycle lengths. The red curves show the results without considering 

NVDZ. The blue curves show the balanced results considering NVDZ. 

 

Figure 6-7 Optimal Delay Per Vehicle 
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Figure 6-8 Optimal NVDZ 

 

 

Figure 6-9 Optimal Total Cost 
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In both cases, delay increases with cycle length (Figure 6-7) and NVDZ decreases with 

cycle length (Figure 6-8). Because the dilemma zone only occurs when the signal 

changes from green to yellow, as the cycle length gets longer, the number of occurrence 

of the dilemma zone events becomes fewer for a given period of time (here 500s). 

However, the NVDZ per cycle remains similar. 

The total cost reaches a minimum when the cycle length is equal to 72s. This is one of the 

Pareto optimal solutions (shown as a red dot in Figure 6-6). Figure 6-10 shows the 

economic comparison with or without considering dilemma zone protection. 

 

Figure 6-10 Comparison of Cost, NVDZ and Delay with Or without DZ Protection 

At the minimum point, the average vehicle delay considering dilemma zone protection is 

3.341s compared to 3.289s when only delay is considered. The increase is only 1.56%. 

However, the NVDZ is decreases from 5.906 (without considering dilemma zone 

protection) to 4.771 (considering dilemma zone protection) vehicles. The reduction is 

23.79%. The combined total cost decreases from $5.302 to $5.011, which is 5.81%. The 

outcome from balanced objectives sacrifice less than 2% of the efficiency and improve 
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more than 20% of the safety, which results in a total lower cost. The difference is caused 

by the green times for phase 2 and 6, because they are different when considering 

dilemma zone protection (31s) and without considering dilemma zone protection (30s). 

The one second “green extension” reduces the NVDZ by 23.79% on the main street while 

increasing delay by 1.56% on the side streets. The offset remains the same in this 

example because the platoon dispersion parameters calibrated from VISSIM form a tight 

platoon.  

It is also noted from the Figures that differences can be found when the cycle length is 

relatively short. When the cycle length becomes longer, the two curves coincide with 

each other. Since delay increases with cycle length and NVDZ decreases with cycle 

length, delay becomes dominant under longer cycle lengths. 

 

6.4.2 Integration with Connected Vehicle Based Signal Control 

The concept of the dilemma zone protection in a connected vehicle environment is 

similar to the detection-control system (D-CS) proposed in (Zimmerman et al., 

2003a)(Middleton et al., 2011) with the purpose to reduce NVDZ at the yellow onset. 

NVDZ is estimated by the Type II dilemma zone definition in terms of travel time to 

stop-bar. The system assumes at the yellow onset, if the ETA of a vehicle is between 2.5-

5.5 seconds to the stop-bar, then the vehicle is in DZ. The D-CS system has a two-stage 

gap-out feature and a look-head feature to perform DZ protection. Advanced detectors 

are installed about 800-1000 feet upstream of the intersection to measure vehicle speed 

and length information. The D-CS algorithm searches for the optimal time point to 

terminate green phase. However, there are two potential problems in the D-CS system. 
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First, the advanced detectors are installed 800-1000 feet upstream which is far away from 

the intersection. Suppose the average vehicle approaching speed is 50mph which is about 

73 feet/s. If the detector is 1000 feet away from the intersection, the ETA would be 

around 14s. It is likely that the vehicle changes its speed during this 14s which makes its 

ETA change as well. Second, D-CS system considers the vehicle delay from conflicting 

phases only based on the number of conflicting calls, which is an under estimate of delay. 

A conflicting call could mean either one vehicle or ten vehicles waiting for the signal. 

The integration framework utilizes the adaptive signal control algorithm presented in 

Chapter 5 with DZ protection developed in this Chapter using connected vehicle data. 

First, instead of inferring vehicle location and speed from advance loop-detector, the 

vehicle trajectory including the real-time location and speed can be directly obtained 

from BSM. Second, the adaptive control algorithm will minimize the vehicle delay of the 

entire intersection more effectively than just based on number of detector calls. 

The adaptive DZ protection algorithm is described below and shown in Figure 6-11: 

Step 1: Run the Adaptive Signal Control Algorithm and generate optimal signal schedule. 

Step 2: Check whether the current phase is a DZ protection phase  

Step 3: Two seconds before the end of the DZ protection phase, run the DZ protection 

algorithm. The two seconds in advance ensures enough time to run the algorithm. 

Step 3.1: Calculate NVDZ under current timing plan 

Step 3.2: Minimize NVDZ with different green extension values 

Step 3.23: Select the best green extension time 

Step 4: Modify the current signal plan based on the best green extension time 

Step 5: Execute the new plan 



140 
 

Adaptive Signal 
Control 

Algorithm

Execute Signal 
Plan

CurPhase=DZ 
Phase?

2s left?

Calculate NVDZ

Minimize NVDZ 
with Different 

Green Extension

Decide Green 
Extension Time

Modify Current 
Signal Plan

No

End of Plan?

Yes

No
Yes

Yes

No

Start

 

Figure 6-11: Integration of Adaptive Signal Control Algorithm and Dilemma Zone 

Protection 
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The process starts with the adaptive signal control algorithm. The phase allocation 

algorithm generates an optimal signal schedule and start to execute the plan. During the 

execution, the DZ protection algorithm keeps tracking the current signal phases and the 

remaining green time. If the current signal phases are the DZ phases (usually the through 

movement phase of main street) and the remaining green time is 2 seconds, the DZ 

algorithm calculates NVDZ based on the current signal plan assuming vehicles with 2-5 

seconds of ETA are in the DZ based on previous empirical studies (Parsonson et al., 

1974b)(Chang et al., 1985b)(Bonneson and McCoy, 1996b). Since the algorithm checks 2 

seconds before the yellow onset, all vehicles requesting the DZ phases with ETAs 

between 4-7 seconds are considered as DZ vehicles. The algorithms tries to reduce 

NVDZ by green extension up to 3 seconds. The algorithm seeks a combined minimum 

cost of minimizing delay and NVDZ at the same time. The signal plan produced by the 

adaptive signal control algorithm minimizes the vehicle delay. The 3 seconds upper 

boundary of green extension prevents the signal schedule from deviating from the 

minimum delay plan too much, because delay is still the major component of the 

combined cost. The DZ protection algorithm finds the best green extension time and 

modifies the current signal schedule. The new schedule is then executed. 

To validate the concept, the algorithm is tested with 100% penetration rate of connected 

vehicles in the VISSIM simulation. The Gavilan Peak and Daisy Mountain Intersection 

as shown in Figure 5-5 is used for validation. The DZ protection phases are phase 2 and 

6. Different scenarios with three different demand levels are tested. Three demands levels 

are 500, 333, and 250 veh/h/lane eastbound and westbound and 375, 250, and 150 

veh/h/lane northbound and southbound. The three demand levels represents medium, low 
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and very low traffic conditions since DZ behaviors exist when traffic demand is relatively 

low. A total of 3600 seconds are simulated for each scenario of which 600s are for a 

warm-up period and 3000s are for data collection. The results are compared between with 

DZ protection and without DZ protection. 

Table 6-9 shows the comparison under medium traffic demand level, Table 6-10 shows 

the comparison under low traffic demand level and Table 6-11 shows the comparison 

under very low traffic demand level in terms of vehicle delay and NVDZ.  

Table 6-9 Comparison of Vehicle Delay and NVDZ Reduction under Medium 

Demand 

500/375 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Delay 
W DZ 

Protection 
34.76 24.62 35.46 29.71 38.04 24.88 36.54 29.56 

104825.23 
(2.19%) 

W/O DZ 
Protection 

38.40 25.03 32.64 25.70 34.67 26.29 35.71 26.94 
102583.19 

(0%) 
NVDZ 

 Total Remained NVDZ Reduced % 
W DZ 

Protection 
93 67 26 -27.96% 

W/O DZ 
Protection 

108 108 0 0% 

 

Table 6-10 Comparison of Vehicle Delay and NVDZ Reduction under Low Demand 

333/250 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Delay 
W DZ 

Protection 
30.82 16.25 31.29 19.92 32.75 17.57 34.42 23.43 

50391.27 
(3.16%) 

W/O DZ 
Protection 

30.22 16.44 31.40 21.79 32.93 15.68 27.55 21.71 
48845.76 

(0%) 
NVDZ 

 Total Remained NVDZ Reduced % 
W DZ 

Protection 
103 56 47 -45.63% 

W/O DZ 
Protection 

97 197 0 0% 
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Table 6-11 Comparison of Vehicle Delay and NVDZ Reduction under Very Low 

Demand 

250/150 
Demand 

Level 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Phase 
5 

Phase 
6 

Phase 
7 

Phase 
8 

Total 

Delay 
W DZ 

Protection 
31.13 14.71 28.35 19.01 28.24 13.52 30.75 19.84 

31254.74 
(2.96%) 

W/O DZ 
Protection 

30.75 13.13 29.40 19.68 30.93 13.71 27.18 17.90 
30355.41 

(0%) 
NVDZ 

 Total Remained NVDZ Reduced % 
W DZ 

Protection 
69 47 22 -31.88% 

W/O DZ 
Protection 

81 81 0 0% 

 

The three simulation scenarios show similar pattern as the analytical model. With DZ 

protection, the total vehicle delay increases 2.2%, 3.2% and 3.0% under medium, low, 

and very low traffic demand cases, respectively. However, the NVDZ decreases by 

28.0%, 41.7%, and 31.9%. By applying the economic model, the total combined costs of 

different cases are shown in Figure 6-12, Figure 6-13 and Figure 6-14. Under medium 

traffic demand, the total combined cost is almost the same between with DZ protection 

and without DZ protection. Because when the demand is higher, the delay cost becomes 

dominant. The reduced cost by DZ protection is not able to catch the increased cost of 

delay. Under low traffic demand, the total combined cost with DZ protection is about 

$3.80 lower than the total cost without DZ protection which is about 1.3% reduction 

which shows the effectiveness of the DZ protection. Under very low traffic demand, the 

total combined cost with DZ protection is about $5.30 lower than cost without DZ 

protection. The total cost is reduced by about 2.8%. The results show the trend that when 

the traffic demand decreases, the DZ protection can achieve more benefit which is the 

same as shown in the analytical model. 
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The current weights of delay and NVDZ are determined by the economic model. 

Operation agencies can change the weights to make DZ protection more important at 

certain intersections.  

 

Figure 6-12: Total Combined Cost (Medium Traffic Demand) 

 

 

Figure 6-13: Total Combined Cost (Low Traffic Demand) 
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Figure 6-14 Total Combined Cost (Very Low Traffic Demand) 

 

6.5 Summary 

This chapter first analyzes different dilemma zone (DZ) behaviors based on the NGSIM 

Peachtree St Dataset and the VISSIM simulation model. An analytical model to estimate 

NVDZ is proposed and calibrated. The DZ protection based on reducing NVDZ is 

integrated with both fixed-time coordinated signal control and connected vehicle based 

adaptive signal control. By applying the economic model, results from both integrations 

show that considering DZ protection can reduce the total combined cost of delay and 

NVDZ. Currently, the connected vehicle based DZ protection requires 100% of market 

penetration. Since market penetration rates are likely to be well below 100% for the near 

future, errors from EVLS algorithm result in inaccurate vehicle location and speed 

estimation that will further impact the NVDZ calculation. Further research could 

investigate connected vehicle based DZ protection under lower market penetration rates. 
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Chapter 7 Intelligent Traffic Control - Assessment and 

Evaluation 

 
 

This chapter focuses on the assessment and evaluation of the proposed phase allocation 

and EVLS algorithms on a network level. The evaluation is conducted in both simulation 

environment and in field. Section 7.1 will introduce the design and implementation of the 

simulation environment. The algorithms are evaluated in two networks: Anthem, AZ 

(Section 7.2) and San Mateo (Section 7.3), CA. Section 7.4 will introduce the field test 

and evaluation. 

 

7.1 Simulation Environment Introduction 

Due to the complex nature of traffic control systems it is desirable to utilize microscopic 

traffic simulation in order to test and evaluate the effectiveness and safety of new systems 

before implementing them in the field. Connected vehicle technology is an emerging 

technology, hence there are very few simulation platforms available that can be used for 

testing and evaluation, especially for signal control related applications. Therefore 

developing and testing a simulation platform for such applications is a very important 

task. The objective of developing such a simulation platform is to mimic the real-world 

situation as much as possible. The algorithms tested and validated in the simulation 

platform can be directly applied to the field with minimal modification.  
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Current advances in computational technology make it possible to simulate a large-scale 

traffic network in detail. Among the different levels of traffic simulation models, 

microscopic traffic simulation is the most suitable one for connected vehicle applications 

because individual vehicle behaviors need to be modeled in detail. The simulation 

platform used in this research is created based on the VISSIM simulation software.  

 

7.1.1 Simulation Environment Overview 

The simulation environment uses VISSIM as the platform, includes both hardware-in-

the-loop (HIL) with the field DSRC devices and software-in-the-loop (SIL) with the 

Econolite ASC3 virtual controller, and adopts standard J2735 (2009) DSRC messaging. 

The overview structure of the simulation environment is shown in Figure 7-1. 

 

Figure 7-1: VISSIM Simulation Platform Architecture 

The vehicle information exchange between VISSIM and the field devices is through the 

drivermodel.dll API. This API is responsible for collecting individual vehicle information 

and packaging it into different types of messages. More details about the drivermodel.dll 
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API are provided in Section 7.1.2. If a vehicle is a non-priority eligible connected 

vehicle, only the BSM is created. If a vehicle is a priority eligible connected vehicle, in 

addition to the BSM, an SRM is created when the vehicle is approaching an intersection. 

The messages are sent from the API to field DSRC devices (RSE). If multiple 

intersections are involved in the simulation network, the BSM and SRM are first sent to 

the OBE distributor. Based on different vehicle locations in VISSIM, the OBE distributor 

will route the message to the corresponding RSE. Each RSE controls one intersection in 

VISSIM. Details about the OBE distributor can be found in Section 7.1.5. The DSRC 

range in simulation is calibrated from field data, if it is available. An example of DSRC 

range calibration of Anthem Network is shown in Section 7.2. If the field data is not 

available, the DSRC range is set to 300m, or another distance based on the application.  

The communication between OBEs and RSEs is through Ethernet or DSRC. All devices 

and the computer which runs VISSIM are connected in the same subnetwork. When a 

new signal timing schedule is generated, the RSE will send NTCIP commands to the 

virtual controller in VISSIM to control the signal. The simulation can either be running in 

real-time or in hyper simulation time as needed. If the simulation is running in hyper 

simulation time, another drivermodel DLL is used to broadcast simulation time to all 

other applications in the OBE and RSE for time synchronization. The devices will read 

the simulation time instead of acquiring real-time from the GPS unit. The roadway 

geometry in the simulation network is carefully calibrated for locating vehicles accurately 

on the map.  
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7.1.2 Drivermodel API 

The drivermodel.dll API is an interface to VISSIM that allows users to apply different 

driving behavior models for some or all vehicles in the simulation (Karlsruhe, 2014). The 

API is implemented as a dynamic link library (DLL) written in C/C++. The API provides 

several functions to create, move and delete vehicles as well as read and set vehicle 

parameters for car-following and lane-changing behaviors.  

Any vehicle type (e.g. Bus) can be enabled to call the drivermodel.dll every simulation 

step through the vehicle type property page as shown in Figure 7-2. In the simulation 

environment, a new type of vehicle considered as a connect vehicle (CV) is created and 

the external driver model is enabled only for CVs.  

 

Figure 7-2 VISSIM Vehicle Property Page 

In the simulation environment, VISSIM’s interval driving behavior is retained as the 

default car-following and lane changing model. The API is only used to read vehicle 



150 
 

parameters including location, speed, and heading and to generate and broadcast DSRC 

messages. The process of the API is described as following: 

Step 1: Initialization.  

Step1.1 Read IP address and Port of the target RSE (one intersection in VISSIM 

network) or OBE distributor (multiple intersections in VISSIM network). 

Step1.2 Read and initialize network reference point in GPS coordinates.  

Step 1.3 Initialize a socket connection. A UDP socket is used. 

Step 2: Read Vehicle information from DriverModelSetValue () function 

Step 3: Transform the vehicle position coordinates from local X, Y coordinates to GPS 

coordinates (WGS-84) based on the reference point. The same algorithm is used as in 

Section 4.3.  

Step 4: Generate standard J2735 (2009) DSRC messages (BSM and/or SRM) using a 

generic open source ASN.1 encoder/decoder (Walkin, 2013). 

Step 5: Broadcast messages through the UDP socket. 

The VISSIM simulation resolution is set to 10 steps per simulation second, which is the 

same as the Econolite ASC3 virtual controller and the BSM broadcast frequency. As a 

result, every 0.1s of simulation time, BSMs from all connected vehicles are broadcast to 

an RSE or the OBE distributor. 

 

7.1.3 GPS Error Modeling 

In order to replicate the real-world situation in the simulation environment, GPS errors 

need to be modeled. In the field test, the vehicle location data collected from GPS is 

subject to GPS errors. The errors come from variety of sources including signal arrival, 
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ionospheric effects, ephemeris errors, and multipath distortion etc. (Farrell and Barth, 

1999) which will affect the accuracy of the locating vehicle on the map. However, these 

errors don’t exist in the simulation environment. It is necessary to model artificial GPS 

errors and added to the simulation to test the robustness of the locating algorithm. Two 

hours of 1Hz GPS data were collected from a GPS unit located in an RSE device as 

shown Figure 7-3 (a). The Device is stationary at the intersection of Mountain and 

Speedway in Tucson, AZ. The blue lines show the trajectory of the GPS points and the 

red dot shows the true GPS location. It can be seen from the figure that the GPS errors 

are not independent over time so a time-series ARIMA model is used to model the error. 

The latitude and longitude are treated independently so two univariate ARIMA models 

are applied separately to the latitude and longitude respectively. Normality test and the 

correlation function of the residuals show a good fit of the data. Figure 7-3 (b) shows the 

Q-Q plot of the standardized residual of the latitude data with p-value 0.618 after fitting 

to ARIMA(2,0,2) model. The fitted ARIMA model is used to create errors in simulation. 

 

(a) Stationary GPS Error                                 (b)   Residual Normality Test 

Figure 7-3 GPS Data Error Modeling 
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7.1.4 Docker 

To simulate a large traffic network, it is not feasible to use HIL simulation since HIL 

requires one RSE per intersection and one OBE per connected vehicle. A structure using 

software-in-the-loop (SIL) simulation called Docker is applied in network simulation. 

Docker (www.docker.com) is an open-source project that automates the deployment of 

applications inside software containers, by providing operating-system-level 

virtualization on Linux. This allows independent "containers" to run within a single 

Linux instance, avoiding the overhead of starting multiple virtual machines. Docker is 

different from virtual machines in that it uses the Linux kernel’s features to provide 

resource isolation instead of a hypervisor that completely emulates guest hardware. This 

reduces the start-up time and resource utilization of containers compared to virtual 

machines while still providing similar features. Therefore, a Linux PC is able to run 

multiple Docker containers, hence multiple RSEs. 

Each RSE at an intersection is considered as a Docker container that runs all applications 

of the RSE. All Docker containers are running on a single Linux PC and communicate 

with VISSIM which is running on a Windows PC. An example of the structure of the SIL 

simulation using Docker is shown in Figure 7-4.  

The IP addresses of Linux PC and Windows PC are set to be the same subnetwork. Each 

Docker container has its own IP addresses. The IP addresses of virtual controllers in 

VISSIM are the same as the Windows PC’s IP address. They are differentiated by 

different port number. The server IP address of virtual controller is set the same as the 

corresponding Docker container’s IP address to push out SPaT data. Each Docker 
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container runs the same applications with different configuration files (e.g. map 

description file, virtual controller’s IP and port information) from each intersection. 
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Figure 7-4: Docker Container Structure 

 

7.1.5 OBE Distributor 

In VISSIM simulation, all connected vehicles are broadcasting BSMs through one 

drivermodel.dll API. All RSEs or Docker containers and VISSIM are in the same 

subnetwork so every RSE would receive BSM from each vehicle. Applications, such as 

the vehicle trajectory awareness component, is able to filter the BSMs if the vehicle is not 

within the geo-fencing area. However, it is unnecessary to increase the computational 

burden by processing all vehicles within the network. In addition, in the field, due to 

DSRC communication range constraint, RSEs are only able to receive BSMs within the 

communication range. To address this issue, a Windows application called OBE 
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distributor was developed to route the BSMs to the geo-correct RSE. The OBE distributor 

receives BSMs from all vehicles in VISSIM and distributes them to the corresponding 

RSE or Docker container based on the vehicles location. The concept of the OBE 

distributor is shown in Figure 7-5. 

 

Figure 7-5: OBE Distributor Description 

After receiving a BSM from the drivermodel.dll, the OBE distributor first unpacks the 

BSM and accesses the vehicles’ GPS coordinates. Then the GPS coordinates are 

transformed to local X and Y coordinates. The local coordinates are compared to the 

DSRC range of each intersection which is specified in a configuration file. If the vehicle 

is within the DSRC range of a RSE, the BSM will be sent to the corresponding RSE. If 
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the vehicle is within the range of multiple RSEs (e.g. left vehicle in the figure), the BSM 

will be sent to all RSEs in the range.  

7.2 Anthem Network Simulation  

The Anthem simulation network is a segment along Daisy Mountain Dr. that consists of 6 

intersections from Gavilan Peak Pkwy to Anthem Way in Anthem, Arizona as shown in 

Figure 7-6. The main street (Daisy Mountain Dr.) has three lanes each direction and the 

side streets have one or two lanes. 

Gavilan Peak Dedication

Meridian

Hastings

Memorial

Anthem

 

Figure 7-6: Anthem Network Overview 



156 
 

The total simulation period is 3 hours with 30 minutes of warm up time (0s-1800s) and 2 

hours and 30 minutes of data collection period (1800s-10800s). During the data 

collection time period, there are five different traffic demand levels. Each level lasts for 

half an hour. The demand levels and corresponding times are defined as follows: 

• Demand Level 1: 1800s-3600s (Medium) 

• Demand Level 2: 3600s-5400s (High) 

• Demand Level 3: 5400s-7200s (High) 

• Demand Level 4: 7200s-9000s (Medium) 

• Demand Level 5: 9000s-10800s (Low) 

Five market penetration levels: 100%, 75%, 50%, 25% and 10% are tested. Results of the 

phase allocation algorithm are compared to fully actuated control with the unit extension 

time that is used in the field and fully actuated control with an optimized unit extension 

time. 

The DSRC range of each approach at each intersection is based on field data collected 

and calibration as shown in Figure 7-7. Gavilan Peak and Dedication Trail are two 

closely spaced intersections and their DSRC ranges have significant overlap. In the 

simulation platform the geo-fencing range is limited to the distance between the two 

intersections. 
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Figure 7-7: Anthem Network DSRC Range Field Calibration 

Table 7-1 presents the DSRC range of each intersection along the geometric approach 

directions. The DSRC range data is based on four on-road experimental observations for 

each intersection. It shows that there is a difference in the DSRC range for each 

intersection based on vehicle leaving or approaching the intersection. There may be 

several reasons that cause these differences. Factors such as separation distance, signal 
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propagation environment, relative vehicle velocity and effective vehicle velocity, DSRC 

radio transmission power and modulation rate are among controllable factors that can 

affect the range of DSRC (Bai et al., 2010). DSRC range follows a statistical distribution 

that depends on a packet delivery ratio. Because it is not possible to obtain a statistical 

inference out of small number of observations, the reported DSRC range is the greatest 

distance from the RSE from where 95% of the packet were received. 

Table 7-1 Anthem Network DSRC Range of Each Intersection by Movement 

 Gavilan Dedication Meridian Hastings Memorial Anthem 

MVT App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. 

NB 318.1 175.5 - 329.1 368.3 - 204.6 - 496.6 484.1 382.5 88.33 

EB 636.5 596.0 459.7 317.8 315.2 245.5 220.4 310.1 231.2 308.0 204.1 387.0 

SB 183.5 365.0 270.7 - - 348.0 - 222.2 474.6 286.1 91.0 361.8 

WB 527.2 536.2 299.1 483.6 208.0 347.7 358.7 212.9 300.3 213.5 333.7 218.9 

 

An additional parallel freeway incident was also simulated. In this scenario it was 

assumed that there was a traffic accident on the nearby freeway and some vehicles are re-

routed to this arterial, hence increasing the demand for a certain period of time. To 

replicate this situation, 10% and 25% increases in traffic demand are added only to the 

eastbound entrance of the network under Demand Level 1 through Demand Level 4 for 

two hours, as shown in Figure 7-8. The vehicle composition is 98% passenger vehicles 

and 2% trucks. 
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Figure 7-8: Traffic Demand Profile for Testing Scenarios (Eastbound Entrance) 

The results presented are from the base case test scenario in which each intersection is 

operated independently. No coordination plan is implemented. In addition, no pedestrians 

are modeled in the simulation. 

A VISSIM 6.0 simulation model is constructed of the corridor. The routes and links in 

the VISSIM model are calibrated exactly the same as in real world to be compatible with 

the generated MAP based on Google maps. The VISSIM drivermodel.dll API is used to 

generate surrogate DSRC messages during testing. The BSM distributor is designed to 

route all BSMs from the VISSIM drivermodel.dll to the geo-appropriate intersections. 

The adaptive signal control including phase allocation algorithm and vehicle state 

estimation algorithm (EVLS) are evaluated at each intersection of the network. 
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Table 7-2, Table 7-3 and Figure 7-9 summarize the total system wide total vehicle delay 

comparison between the base case (actuation) and adaptive signal control by market 

penetration rate (PR) and by demand level over time under the base case scenario. 

Table 7-2: Total Delay under Different Market Penetration Rates (PR) and Traffic 

Demand Levels (over time) Comparison with Field Extension Time 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Field 149445.8 224987.0 241545.1 165513.2 97494.0 

100% 102308.6 156270.8 172773.0 111825.9 70329.6 

% -31.5 -30.5 -28.5 -32.4 -27.9 

75% 104690.1 162902.5 174052.2 112092.3 74121.5 

% -29.9 -27.6 -27.9 -32.3 -24.0 

50% 106277.7 164744.0 173936.2 115200.3 73908.4 

% -28.9 -26.8 -28.0 -30.4 -24.2 

25% 103738.3 172605.4 180065.8 117069.3 73178.9 

% -30.6 -23.3 -25.5 -29.3 -24.9 

10% 118121.4 198809.7 200949.7 127191.9 79018.6 

% -21.0 -11.6 -16.8 -23.2 -19.0 

 

Table 7-3: Total Delay under Different Market Penetration Rates (PR) and Traffic 

Demand Levels (over time) Comparison with Optimized Extension Time 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Opt 128759.1 196950.8 203192.9 132960.0 77988.7 

100% 102308.6 156270.8 172773.0 111825.9 70329.6 

% -20.5 -20.7 -15.0 -15.9 -9.8 

75% 104690.1 162902.5 174052.2 112092.3 74121.5 

% -18.7 -17.3 -14.3 -15.7 -5.0 

50% 106277.7 164744.0 173936.2 115200.3 73908.4 

% -17.5 -16.4 -14.4 -13.4 -5.2 

25% 103738.3 172605.4 180065.8 117069.3 73178.9 

% -19.4 -12.4 -11.4 -12.0 -6.2 

10% 118121.4 198809.7 200949.7 127191.9 79018.6 

% -8.3 0.9 -1.1 -4.3 1.3 
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Figure 7-9: Base Case Scenario Under Different Market Penetration Rates and 

Traffic Demand Levels. 

Table 7-4, Table 7-5 and Figure 7-10 summarize the total system wide vehicle delay 

comparison by penetration rate and by demand level (over time) under 10% of increased 

demand for two hours simulating an incident. 
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Table 7-4: Total System Delay Under the 10% Demand Increase Incident Scenario 

Comparison with Field Extension Time. 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Field 149463.4 240434.2 260275.1 179761.3 95276.6 

100% 105616.0 175774.6 178013.3 120596.1 70686.4 

% -29.3 -26.9 -31.6 -32.9 -25.8 

75% 112147.8 176627.5 172046.8 114851.0 74783.8 

% -25.0 -26.5 -33.9 -36.1 -21.5 

50% 109547.7 179845.5 183429.6 126254.6 73500.0 

% -26.7 -25.2 -29.5 -29.8 -22.9 

25% 115758.6 181448.1 189918.2 117243.4 75941.3 

% -22.6 -24.5 -27.0 -34.8 -20.3 

10% 126833.6 199404.4 212755.1 133669.3 82546.2 

% -15.1 -17.1 -18.3 -25.6 -13.4 

 

Table 7-5: Total System Delay Under the 10% Demand Increase Incident Scenario 

Comparison with Optimized Extension Time. 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Opt 138188.3 207222.5 219127.7 144801.0 90256.2 

100% 105616.0 175774.6 178013.3 120596.1 70686.4 

% -23.6 -15.2 -18.8 -16.7 -21.7 

75% 112147.8 176627.5 172046.8 114851.0 74783.8 

% -18.8 -14.8 -21.5 -20.7 -17.1 

50% 109547.7 179845.5 183429.6 126254.6 73500.0 

% -20.7 -13.2 -16.3 -12.8 -18.6 

25% 115758.6 181448.1 189918.2 117243.4 75941.3 

% -16.2 -12.4 -13.3 -19.0 -15.9 

10% 126833.6 199404.4 212755.1 133669.3 82546.2 

% -8.2 -3.8 -2.9 -7.7 -8.5 
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Figure 7-10 Total System Delay Under the 10% Demand Increase Incident Scenario. 

Table 7-6, Table 7-7 and Figure 7-11 summarize the total system wide vehicle delay 

comparison by penetration rate and by demand level (over time) under 25% of increased 

demand for two hours simulating an incident. 

Results show a significant improvement over fully actuated control with field 

implemented unit extension time that is 2 seconds for left turn movements and 5 seconds 

for through movements. The improvement can be more than 30% under some scenarios. 

Results show some improvement over the fully actuated control with optimized unit 

extension time of 2 seconds for left turns and 1.5 seconds for through movements. If the 
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penetration rate is over 25%, the adaptive control algorithm always performs better than 

actuation in all cases. 

Table 7-6: Total System Delay Under the 25% Demand Increase Incident Scenario 

Comparison with Field Extension Time. 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Field 165146.8 249812.1 274426.3 183036.7 98655.1 

100% 112486.2 185237.8 220259.0 133600.7 71743.7 

% -31.9 -25.8 -19.7 -27.0 -27.3 

75% 113205.8 191799.0 223774.8 139731.2 75202.3 

% -31.5 -23.2 -18.5 -23.7 -23.8 

50% 116030.0 193601.4 207941.2 131024.3 74118.4 

% -29.7 -22.5 -24.2 -28.4 -24.9 

25% 123327.9 203050.4 220105.7 129368.1 74508.4 

% -25.3 -18.7 -19.8 -29.3 -24.5 

10% 132467.7 222478.4 270285.8 151846.7 82099.9 

% -19.8 -10.9 -1.5 -17.0 -16.8 

 

Table 7-7: Total System Delay Under the 25% Demand Increase Incident Scenario 

Comparison with Optimized Extension Time. 

Demand Level 1800-3600 3600-5400 5400-7200 7200-9000 9000-10800 

Actuation_Opt 146183.1 233650.7 252887.3 161950.9 91753.74 

100% 112486.2 185237.8 220259 133600.7 71743.7 

% -23.0512 -20.7202 -12.9023 -17.5055 -21.8084 

75% 113205.8 191799 223774.8 139731.2 75202.35 

% -22.5589 -17.9121 -11.5121 -13.72 -18.0389 

50% 116030 193601.4 207941.2 131024.3 74118.44 

% -20.6269 -17.1407 -17.7732 -19.0963 -19.2203 

25% 123327.9 203050.4 220105.7 129368.1 74508.42 

% -15.6346 -13.0966 -12.9629 -20.1189 -18.7952 

10% 132467.7 222478.4 270285.8 151846.7 82099.87 

% -9.38232 -4.7816 6.879934 -6.23905 -10.5215 
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Figure 7-11: Total System Delay Under the 25% Demand Increase Incident 

Scenario. 

The results also show that the total vehicle delay is not very sensitive to penetration rate 

except for the 10% penetration rate case. Under the 10% penetration cases, the 

performance of the phase allocation algorithm and actuated control are similar. Under 

extremely low penetration rates, it is common that all approaching vehicles including left 

turn and through vehicles are unequipped vehicles. In this case, the EVLS algorithm is 

not able to predict the vehicle arrival properly. Until some vehicles arrive at the 

intersection and place detector calls, the algorithm is not able to determine whether there 

are any vehicles requesting the phase, which is essentially how the actuation logic is 
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implemented. In addition, due to the lack of arrival information, the algorithm will assign 

a phase with minimum green time if there is a detector call but no connected vehicles 

which may not serve all the vehicles in a queue. This significantly degrades performance 

especially when the demand is high.  

 

7.3 El Camino Real Network Simulation 

This simulation network is based a segment of El Camino Real in San Mateo, CA. that 

consists of 8 intersections from 20th Ave to 42nd Ave as shown in Figure 7-12. The main 

street (El Camino Real) has two to three lanes each direction and the side streets have one 

to two lanes. Some intersections are closely spaced where the distance between the 

intersections is approximately 100m. 

The total simulation period is 5 hours with 30 minutes of warm up time (0s-1800s) and 4 

hours and 30 minutes of data collection period (1800s-18000s). During the data 

collection time period, there are five different traffic demand levels. Each level lasts for 

one hour except for the last demand level that is only half an hour. The demand levels 

and corresponding time are defined as follows: 

• Demand Level 1: 1800s-5400s (Low) 

• Demand Level 2: 5400s-9000s (Medium) 

• Demand Level 3: 9000s-12600s (High) 

• Demand Level 4: 12600s-16200s (Medium) 

• Demand Level 5: 16200s-18000s (Low) 

The original VISSIM model was developed by Kittleson & Associates. The geometry 

was modified to more closely match the actual site so that GPS data could be created for 
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connected vehicle operations. The traffic signal control simulation was translated from 

the original VISSIM RBC controllers to the Econolite ASC/3 SIL that supports the 

NTICP interface. The signal parameters, traffic demand and routing decisions are adapted 

from the original VISSIM model. 
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Figure 7-12: El Camino Real Network Overview 

Four market penetration levels: 100%, 75%, 50%, 25% are tested. Results of adaptive 

signal control are compared to fully actuated control. 
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An additional parallel freeway incident was also simulated. In this scenario it was 

assumed that there was a traffic accident on the nearby freeway (US101) and some 

vehicles are re-routed to this arterial, hence increasing the demand for a certain period of 

time. To replicate this situation, 10% and 25% increases in traffic demand are only added 

to the southernmost entrance of the network under Demand Level 2 and Demand Level 3 

for two hours, as shown in Figure 7-13. The vehicle composition is 98% passenger 

vehicles and 2% trucks. 

 

Figure 7-13: Traffic Demand Profile for Testing Scenarios (Southbound Entrance) 

Each intersection is able to receive all vehicle information when the vehicles are within 

the standard DSRC range, which is 300m. No field data was collected to calibrate the 

DSRC range. However, due to some geometric characteristics of the road network, the 
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trajectory awareness of connected vehicle component will decide whether to consider a 

received BSM in the algorithm by using geo-fencing described in Section 4.4. For 

example, the distance between 41st Ave and 42nd Ave is only about 100m. When a 

vehicle is approaching 41st Ave southbound may also be in the DSRC range of 42nd Ave. 

However, all BSMs received by 42nd Ave will not be included until the vehicle passed the 

41st intersection. In other words, 42nd Ave only includes the vehicle information from the 

southbound direction within the range of 100m instead of 300m. 

The results presented in this section are from the base case test scenario in which each 

intersection is operated independently. No coordination plan is implemented. In addition, 

no pedestrians are modeled in the simulation. The adaptive signal control including phase 

allocation algorithm and vehicle state estimation algorithm (EVLS) are evaluated at each 

intersection of the network. 

Table 7-8 and Figure 7-14 summarize the total system wide total vehicle delay 

comparison between the base case (actuation) and intelligent signal control by market 

penetration rate (PR) and by demand level over time under the base case scenario. 

Table 7-8: Total Delay under Different Market Penetration Rates (PR) and Traffic 

Demand Levels (over time) 

Demand 
Period 
(Time) 

Actuation 100% PR % 75% PR % 50 PR % 25% PR % 

1800-
5400 

180672 154855 -14.3 158684 -12.2 156949 -13.1 157054 -13.1 

5400-
9000 

315595 260157 -17.6 266913 -15.4 264565 -16.2 270195 -14.4 

9000-
12600 

525594 459490 -12.6 450012 -14.4 452399 -13.9 476453 -9.3 

12600-
16200 

342238 279319 -18.4 283151 -17.3 282636 -17.4 291685 -14.8 

16200-
18000 

106102 85580 -19.3 84236 -20.6 87838 -17.2 89682 -15.5 
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Figure 7-14: Base Case Scenario Under Different Market Penetration Rates and 

Traffic Demand Levels. 

Table 7-9 and Figure 7-15 summarize the total system wide vehicle delay comparison by 

penetration rate and by demand level (over time) under 10% of increased demand for two 

hours simulating an incident. 
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Table 7-9: Total System Delay Under the 10% Demand Increase Incident Scenario 

Demand 
Period 

Actuation 100% % 75% % 50% % 25% % 

1800-
5400 

185157 155121 -16.2 154898 -16.3 156155 -15.6 162444 -12.2 

5400-
9000 

340790 277704 -18.5 280613 -17.6 278203 -18.3 282906 -16.9 

9000-
12600 

587907 490012 -16.6 479392 -18.4 487267 -17.1 498217 -15.2 

12600-
16200 

342024 291585 -14.7 286382 -16.2 286519 -16.2 297531 -13.0 

16200-
18000 

101293 85362 -15.7 87533 -13.5 91189 -9.9 87971 -13.1 

 

 

Figure 7-15: Total System Delay Under the 10% Demand Increase Incident 

Scenario. 
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Table 7-10 and Figure 7-16 summarize the total system wide vehicle delay comparison 

by penetration rate and by demand level (over time) under 25% of increased demand for 

two hours. 

In all cases, intelligent signal control outperforms fully actuated control. The total vehicle 

delay can be reduced by as much as 20%. In the worst case, the total vehicle delay 

obtained by the intelligent signal control is still lower than fully actuated control.  

The market penetration rate has some impact, but there is little difference above 50% 

penetration rate and the greatest benefit appears to be at the 25% level.  

Table 7-10: Total System Delay Under the 25% Demand Increase Incident Scenario 

Demand 
Level 

Actuation 100% % 75% % 50% % 25% % 

1800-
5400 

183412 154312 -15.8 158381 -13.6 160600 -12.4 158832 -13.4 

5400-
9000 

350677 296390 -15.4 298980 -14.7 308475 -12.0 300847 -14.2 

9000-
12600 

609843 566969 -7.0 527664 -13.4 549969 -9.8 584733 -4.1 

12600-
16200 

375884 345490 -8.0 294098 -21.7 295086 -21.5 333953 -11.1 

16200-
18000 

105243 88538 -15.8 85693 -18.5 86616 -17.7 87922 -16.4 

 

Under high demand level (during the 9000s-12600s time interval), the improvements of 

the algorithms are not as significant as under lower traffic demand. There are two 

primary reasons for the performance. First, spillback at left turn bay results from the lack 

of knowledge about the left turn demand. Only vehicles that enter the left turn bay (as 

described by the MAP) are considered as left turn vehicles. When the queue spills back – 

outside the turn bay, no additional vehicles are considered as left turn demand. The 

algorithms will give more time to through movement (which is wasted time) and less 
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time to left turn vehicles (not enough time). Since the current BSM doesn’t include route 

information, it is difficult to tell which vehicles want to make a left turn.  

 

Figure 7-16: Total System Delay Under the 25% Demand Increase Incident 

Scenario. 

The second issue is due to closely spaced intersections. The closely spaced intersections 

decrease the effective range because the vehicle trajectory awareness component assumes 

that a vehicle is only on the approach to one intersection, even when the DSRC range 

extends far enough to include the approach to the nearby upstream intersection. The 

algorithm only considers a limited number of vehicles on the intersection approach while 

planning the phase green times which results in insufficient green time of through 

movement on main street. The closely spaced intersections have a greater impact when 
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the demand level is high. The current algorithm is not able to detect spillback therefore 

not able to provide longer green time for downstream intersections or to cut the green 

time at the upstream intersection. This is an important topic for future research. 

 

7.3.1 Comparison and Analysis 

It can be seen that results from Anthem network are generally better than results from 

San Mateo network. Mainly it is because of three reasons. 

1. Road geometry and lane separation. In the Anthem network, most left turn lanes 

and right turn lanes are separated from through lanes with barriers or bicycle lanes 

as shown in Figure 7-17 (a). The barriers or bicycle lanes make different 

movement lanes more separable which have a higher tolerance for GPS error. In 

other words, vehicles have a higher rate of being located in the correct lane. In the 

California network, most left turn lane and right turn lane are separated from 

through lanes only by lane marking as shown in Figure 7-17 (b). Vehicles are 

more likely to be located in the wrong lane due to GPS errors. Because the 

locating vehicle on the map algorithm calculates the requested phase based on the 

current lane, when the lane information is incorrect, the requested phase is 

calculated incorrectly as well. The incorrect request phase further impacts the 

EVLS algorithm and construction of the arrival table. 
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(a) Anthem Network Lane Separating 

 

(b) San Mateo Network Lane Separating 

Source: GoogleEarth 

Figure 7-17 :Comparison of Lane Separating of Two Simulation Networks 

2. Closely Spaced Intersections. As stated above, closely spaced intersections will 

reduce the geo-fencing area and cause spillback of the through movement traffic 

when the traffic demand level is high. The Anthem network doesn’t have any 

closely spaced intersections. The minimal distance between two intersections 

(Gavilan Peak and Dedication) is about 320m which is still longer than the 

standard DSRC range. The San Mateo network has two pairs of closely spaced 
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intersections 27th Ave, 28th Ave and 41st Ave and 42nd Ave with the distances of 

about 120m and 100m respectively. 

3. Short Side Streets. In the San Mateo network, some of the side streets are the 

outlets of shopping malls/car washes. The vehicles can only wait in a very short 

range before the stop-bar (e.g. 50m). As a result, the vehicles are not present for 

very long on the intersection approach. However, in the VISSIM simulation, in 

order for vehicles to make accurate routing decisions, the side street was extended 

to a longer length (e.g. 300m), otherwise some vehicles are not able to make 

routing decision since there is not enough space for the lane changing behavior, 

especially under the higher demand levels. These vehicles cause unrealistic delay 

while they wait to make lane changes. In the simulation, the queue can be long 

when the demand level is high. However, because of the geo-fencing, the length 

of the approach is limited to 50m by assuming the true road geometry is limited. 

Vehicles beyond 50m are not included in the arrival table. This will cause longer 

delay at the side streets. 

There are also some other factors in both networks that influence the performance of the 

algorithm. 

1. Right turn vehicles share the through movement lane. The phase allocation 

algorithm assumes a saturation flow rate of 1800veh/h (2 s/veh). The right-turn 

vehicles will slow down at the intersection even when the signal is green which 

will decrease the saturation flow rate. This results in underutilization of the green 

time and some vehicles may remain in the queue at the end of green. At 

intersections with heavy right turn flow, the impact is significant. 
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2. Right turn vehicles which have exclusive right turn lanes. Some side streets only 

have one lane, but there is a right turn bay added close to the intersection. Some 

right turn vehicles may request a through phase when they are far away from the 

intersection but stop requesting when they enter the right turn bay. Again, the 

BSM doesn’t have the routing information. When the demand is low, during the 

planning interval, a right turning vehicle may appear to be a through vehicle and 

be assigned to a phase because it is still far away from the intersection. The phase 

allocation algorithm will consider that there is demand for the through phase and 

allocate a certain amount of green time. Since the phases are planned ahead, when 

the phase becomes green, the right turn vehicle may have already passed the 

intersection. The green time will be wasted and cause extra delay from other 

movements. 

3. Left turn vehicles requesting the wrong phase. Similar to the previous right turn 

issue, left turn vehicles will request the through phase until they enter the left turn 

bay. Therefore, when the phase allocation algorithm is planning, it may 

overestimate the through movement vehicles and underestimate left turn 

movement vehicles. Moreover, if left-turn vehicles spill back beyond the left turn 

bay, the stopped left turn vehicle waiting in the through movement lane will cause 

overestimation of queue length of through movement vehicles in EVLS. 

Although there are some limitations, in general, the proposed algorithms still perform 

much better than fully actuation control. 
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7.4 Field Assessment and Evaluation 

Due to the limited number of OBEs and testing vehicles, field test of the adaptive control 

algorithms is very difficult at this time. A field test was conducted on March 2nd, 2015 at 

Gavilan Peak and Daisy Mountain intersection during evening peak hour as part of the 

MMITSS project Impact Assessment. Five vehicles were equipped with OBEs and were 

broadcasting BSMs. Because the number of equipped vehicles was limited, all vehicles 

equipped with OBEs travelled southbound and northbound on Gavilan Peak and 

requested through movement phases (phase 4 and phase 8). Figure 7-18 shows the route 

of the equipped vehicles. The route started from a staging area north of the intersection. 

All equipped vehicles drove in a platoon to increase the penetration rate. All equipped 

vehicles drove southbound and passed the intersection and then made a U-turn to come 

back. It should be pointed out that this intersection is in operational state during the test. 

As a result, five virtual vehicles were added manually to all other phases in the arrival 

table to make sure all phases were not skipped and served some traffic demand. Skipping 

phases at an operating intersection can cause driver confusion and may cause congestion. 

In addition, the phase sequence was fixed in the field test because the detector calls can’t 

be ignored. This intersection operates with leading left turns. As a result, the phase 

sequence of the phase allocation algorithm was also set to leading left turn. The test 

lasted about 30 minutes. The equipped vehicles made five rounds during the test.  



179 
 

Staging 

Area

 

Figure 7-18 Field Test Route Illustration 

Due to the fixed demand for all other phases, the results of phase allocation algorithm 

were always the same which were 11s for all left turn phases and 15s for all through 

phases (minimum green time).  For phase 4 and 8 that were requested by equipped 

vehicles, the vehicle route was fixed so that the platoon of equipped vehicles approaching 

the intersection during red time which made them queuing vehicles. Five connected 

vehicles plus virtual vehicles inserted by EVLS algorithm can still be served within the 

minimum green time. As a result, the phase allocation algorithm always granted 

minimum green time for the requested phase. The signal actually ran in a fixed time 

schedule because the results generated by adaptive signal control algorithm were always 

the same. All the signal control commands including HOLD, FORCE-OFF and 
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VEHICLE-CALL were executed correctly and the controller behaved as expected. In 

addition, it is also very difficult to collect the performance measurements from 

unequipped vehicle to make comparison to the equipped vehicles.  
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Chapter 8 Integration of Adaptive Signal Control with 

Signal Priority and Coordination 

 

 

8.1 Introduction 

Chapters 5, 6, 7 presented and evaluated the intelligent traffic control algorithms mainly 

for passenger vehicles. As part of a multi-modal signal control system, other types of 

road users such as transit vehicles, trucks and emergency vehicles need to be considered. 

Traffic signal priority (TSP) is an operational strategy to apply special signal timings to 

reduce the delay of priority eligible vehicles such as buses, trucks, light rail, street car, 

and special purpose vehicles (e.g. snow plows). Providing signal priority to emergency 

vehicles or rail crossing is generally referred to as preemption. The differences between 

preemption and signal priority is that preemption may disrupt the normal signal cycle to 

accommodate the special event while signal priority maintains the normal signal 

operation process and signal cycle (e.g. coordination) (ITS America, 2005). The common 

way of serving TSP or preemption is based on the “first come first serve” rule. If multiple 

priority requests exist at the same time, then the “first come first serve” rule may not be 

optimal. In addition, different priority vehicles may have different priority levels in which 

the higher level priority needs to be served first even if it arrives later. A signal priority 

structure that can serve multiple requests with different priority levels will perform better 

than the current method.  
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Traditionally, coordination is treated in a different framework from signal priority. 

However, the objectives of coordination and signal priority are similar. The objective of 

coordination as defined in National Report Card (2012 National Traffic Signal Report 

Card Technical Report, 2012) is: “The intent of coordinating traffic signals is to provide 

smooth flow of traffic along streets and highways in order to reduce travel times, stops 

and delay.” In other words, it means that coordination intends to make the coordinated 

phases green at a particular point in time and last a certain amount of time to let a platoon 

of vehicles pass a series of intersections with reduced travel times, stops and delay. The 

objective of signal priority or preemption can be described as the intent to make the 

priority requested phases to be green at a particular time point and last a certain amount 

of time to let the priority vehicles pass one intersection with reduced travel times, stops 

and delay. It can been seen that coordination and priority have very similar objectives 

that can be integrated into the same framework in which coordination is treated as special 

type of virtual priority request sent repeated to the priority request server (PRS) each 

cycle (He et al., 2014b). 

This Chapter integrates adaptive signal control, signal priority and coordination in a 

unified framework. Section 3.2.2 and  

Figure 3-3 showed the component diagram of how to provide signal priority in a 

connected vehicle environment and Section 8.2 briefly introduces the underlying 

mathematic models. Section 3.2.3 and Figure 3-4 showed the component diagram of the 

integration of signal priority and adaptive signal control. Section 8.3 introduces the 

details of the integration framework. Section 8.4 shows the simulation results under 

different case studies including integration of coordination or vehicle priority separately 
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with adaptive control and integration of both coordination and vehicle priority with 

adaptive control. 

 

8.2 Signal Priority with Connected Vehicles 

Section 3.2.2 explained the general framework and messaging of how signal priority is 

operated in a connected vehicle environment. This section will briefly introduce the 

signal priority algorithms mainly developed by (He et al., 2012), (He et al., 2014b) and 

(Zamanipour et al., 2014). 

The signal priority algorithm is formulated as a Mixed Integer Linear Programming 

(MILP) problem. The objective function tries to minimize the total vehicle priority 

request delay, and coordination priority request delay as well as maximizing the actuation 

time for actuated control as shown below. The notion is simplified only to express the 

idea. 

6)� ~ mVQV + ~ m�Q� − ¥ ~ ¦ 

Where, DP, DC are the priority request delay and coordination delay, respectively and wP, 

and wC are the corresponding weights. e is the actuation time and ¥ is a small number.  

The constraints include phase precedence, queue dynamics, cycle assignment of priority 

requests, and coordination delay evaluation. The weights can be selected based on 

different traffic conditions and operating policies. For example, when the traffic demand 

is low, the weight for coordination delay can be small since the benefit gained from 

coordination would not be significant. A failure to serve a coordination request may not 

cause a lot of vehicle delay. However, when the traffic demand is high, coordination 
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becomes more important so that the weight should be increased to keep coordination 

from being violated. 

This model attempts to maximize the extension time to increase the flexibility of serving 

regular vehicles by actuation. The small value of e guarantees that the maximization of 

actuation time will not impact the minimization of delays. However, the actuation may 

not generate optimal solution for total vehicle delay since the real-time traffic demand for 

each phase is still unknown and is not modelled.  

 

8.3 Integration Framework 

The objective of the integration framework is to allocate the flexible extension time based 

on vehicle arrivals using phase allocation algorithm and EVLS algorithm presented in 

Chapter 5. The vehicle arrival data comes from the vehicle trajectory awareness in 

Chapter 4. The component diagram of the integration is described in Section 3.2.3. The 

integration framework ensures that the priority request can be served with minimum 

delay while minimizing passenger vehicle delay at the same time through intelligently 

allocating the actuation green time. The concept of the integration framework is shown 

with a specific example in the time phase diagram in Figure 8-1. 
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Figure 8-1: Integration of Priority and Adaptive Signal Control - Concept 

The time-phase diagram (He et al., 2011) is a visualization tool to intuitively show and 

evaluate the phase timing given the priority requests. The figure shows an active priority 

request for phase 4, from 60s until 68 seconds from the current time, 0. The interval 

represents the duration of the priority request. The priority request can come either from a 

priority eligible vehicle or coordination. For a coordination request, the request interval is 

equal to the coordinated phase split.  In order to serve the request with minimal delay, 

phase 4 must be green before 60s and be extended until 68s assuming no vehicle queue is 

considered. Suppose the current phase is phase 2 and for each phase the minimum green 

time is 12 seconds and the maximum green time is 40s. In the figure, three different 

signal timing schedules are drawn. Signal schedule 1 gives phase 2 20s of green time, 

phase 3 20s of green time and phase 4 28s of green time. Therefore phase 4 starts at 41s 

and ends at 68s, the priority request has no delay. Signal schedule 2 gives 12s green time 

to phase 2, 40s green time to phase 3 and 28s green time to phase 4. Therefore phase 4 
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starts at 53s and ends at 80s, so the priority request has no delay. Similarly, signal 

schedule 3 gives 40s green time to phase 2, 20s of green time to phase 3 and 28s of green 

time to phase 4. Phase 4 starts at 60s and ends at 88s and again the priority request has no 

delay. All the three signal schedules are feasible because they all satisfy the minimum 

and maximum green constraints and all of them minimize the priority request delay. If 

only priority request delay is considered, all three are optimal solutions. However, 

different schedules may have different impact on other vehicles. For example, schedule 1 

gives only minimum green time to phase 2 while schedule 3 gives maximum green time 

to phase 2. The delay of other vehicles under these three schedules will be significant 

different. The key idea of the integration is to choose the “best” schedule among all 

feasible schedule in terms of total vehicle delay. 

Obviously, there are more feasible schedules than the abovementioned three schedules. 

There is a set of schedules that are all feasible schedules which minimize the priority 

request delay. Figure 8-2 shows the set in this case. 

 

Figure 8-2 : Feasible Signal Timing Schedule Set with Priority Request 
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CPi
h and CPi

f are the critical left point and critical right point for phase i, respectively. 

The critical left point CPi
h is defined as the “must hold” point, meaning the green interval 

of phase i must be held until this time point. For example, CP2
h is at time 20 because the 

maximum green time is 40s and CP3
f is at time 60. Phase 2 has to be green until time 20 

otherwise phase 3 will exceed its maximum green time. 

The critical right point CPi
f is defined as “must force-off” point, meaning the green 

interval of phase i must either terminate naturally or be forced-off before this time point. 

For example, CP3
f is at time 60 because the lower boundary of the priority request is at 

time 60. CP2
f is at time 40 because the maximum green time of phase 2 is 40 seconds. 

By introducing the critical points, the area between the two critical paths defines the 

feasible set. The phase allocation algorithm considers this set as additional constraints to 

the minimum and maximum green time when planning. More details of critical points 

calculation can be found in (Zamanipour et al., 2015) 

It is assumed that a priority request never exceeds 5 phases beyond the current phase. 

Due to the DSRC range, it is highly unlikely that a priority request will be requested for 

service more than one cycle in the future. The coordination request is sent every cycle 

which only has 4 phases, so 5 phases is sufficient. As a result, a maximum of 5 pairs of 

critical point are considered. 

Based on the new constraints, the minimum and maximum green constraint of phase 

allocation algorithm (Equation 5-11) are modified as follows:  

�����,� § = x �̈,�© − {f            � = 1,2                                            (7-1) 

���	�,� § = x �̈,�ª − {f           � = 1,2                                            (7-2) 

���� ,� § = max$x  ̈,�© − x �̈,�ª − ��,� , ���� ,� &                � = 1,2                       (7-3) 
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 ���	 ,� § = x  ̈,�ª − �����,� § − ��,� − {f                              � = 1,2                       (7-4) 

�����,� § ≤ ��,� ≤ ���	�,� §       � = 1,2                                           (7-5) 

Where, 

�����,� ′: Modified minimum green time of phase p in ring r based on priority request 

feasible set. 

���	�,� ′: Modified maximum green time of phase p in ring r based on priority request 

feasible set. 

x �̈,�© : Left critical point (must hold point) of phase p in ring r. 

x �̈,�ª : Right critical point (must force-off point) of phase p in ring r. 

{f: Elapse time in second since the priority request constraint was received. 

In addition, the minimum and maximum barrier group lengths need to be modified to 

satisfy the critical points. Equations 5-1 and 5-2 are modified to the following:  


���	§ = min �
���	, x  ̈,�ª + � ,� − {f�                   � = 1,2                      (7-6) 


����§ = max �
����, x  ̈,�© + � ,� − {f�                   � = 1,2                      (7-7) 

Where, 


����′: Modified minimum possible barrier group length of stage j based on priority 

request feasible set. 


���	′: Modified maximum possible barrier group length of stage j based on priority 

request feasible set. 

The new constraints from the Priority Request Server are applied to the first stage when 

planning the phase allocation algorithm. The second stage will use the original minimum 

and maximum green times. Because of the rolling horizon scheme, after executing the 
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first barrier, the phase allocation algorithm will plan again, then priority constraints for 

the next two phases will be implemented. For example, assume that the current phase is 

phase 1 and the priority request is for phase 4. The phase allocation algorithm will first 

consider the four critical points for phase 1 and phase 2 and calculate the modified 

minimum and maximum green time according to Equation 8-1 through 8-4. After 

executing first barrier and the algorithm starts to plan again, it then considers the critical 

points for phase 3 and phase 4. After the priority request has been severed or time has 

passed the last critical point, the algorithm will return to the original constraints and 

operate normally. If a new priority request is sent and a new feasible set is received 

during the execution of a normal plan, a new problem with priority constraints will be 

solved immediately. After the new schedule is generated, the old schedule will be 

replaced.   

 

8.4 Evaluation of the Algorithm 

8.4.1 Adaptive Control Integrated with Coordination Request 

In this section, the performance of the integration of phase allocation algorithm with 

coordination is evaluated. The test intersection is Gavilan Peak and Daisy Mountain, as 

shown in Figure 5-5. Phases 2 and 6 are considered as coordinated phases which carry the 

majority of the traffic demand. The cycle length is set to be 100s and the split for the 

coordinated phase is set to be 40s. The cycle length is chosen to be 100s for easy 

demonstration of the case study. In reality, the cycle length should be calculated by lost 

times and the critical flow ratios such as Webster’s equation. The splits of non-

coordinated phases are calculated based on the average traffic demand for each phase, 
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since the turning ratio in VISSIM is known. Two virtual signals are added at the upstream 

of phase 2 and phase 6 to create platoons of vehicles. The cycle length and green phase of 

the virtual signals are set to be the same as the intersection and the offset is properly 

adjusted based on vehicle approaching speed to make sure the head of the platoon arrives 

at the target intersection at the beginning of the cycle. The beginning of a cycle is defined 

as the beginning of the coordinated phase.  

The coordination request is fixed and is sent repeatedly at the beginning of each cycle. 

The time phase diagram with critical points and feasible set for phase allocation 

algorithm is show in Figure 8-3. The orange shaded area represents the coordination 

request which is located for phase 2 and phase 6 and lasts for 30s. The minimum green 

times of the coordinated phases are set to be 30s (same length as the coordination 

request) while the maximum green time is calculated as 35s. The green time constraint 

ensures that the coordinated phases have to be served for at least 30s, but can be extended 

to 35s. For all other phases, the minimum green time is set to be 7s and the maximum 

green time is set to be 35s. The yellow change interval and all-red clearance time for all 

phases are 3s and 2s, respectively which makes 5s of total lost time per phase. The area 

between the blue and green piecewise linear lines is the feasible set of signal timing plans 

for the phase allocation algorithm. Since the demand is the same for ring 1 and ring 2 

phases, the feasible set is identical for each ring.  
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Figure 8-3: Time-Phase Diagram with Coordination Request 

Different scenarios with three different demand levels and four penetration rates were 

tested. The three demands levels are 433, 600, and 677, veh/h/lane eastbound and 

westbound and 375, 500, and 600 veh/h/lane northbound and southbound. Four sets of 

penetration rates are considered: 100%, 75%, 50%, and 25%. The three demand levels 

represent medium traffic condition, near saturated traffic condition and over saturated 

traffic condition. A total of 3600 seconds are simulated for each scenario of which 600s 

are a warm-up period and 3000s are for data collection.  

Results of the integrated adaptive and coordination algorithm are compared to 

coordinated actuation control. Signal parameters of the coordinated actuation control are 

set to be the same as the integrated adaptive algorithm. Table 8-1, Table 8-2 and Table 

8-3 show average vehicle delay by movement and total delay under three different 

demand levels and four penetration rates. 
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Table 8-1: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Medium Traffic Conditions 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 35.8 40.4 41.7 41.4 52.7 
NBRT (N/A) 4.4 3.0 3.3 2.8 3.2 
NBLT (P7) 42.9 38.9 39.9 39.7 35.0 

WBTH (P6)* 0.2 0.3 0.4 0.4 0.2 
WBRT (N/A) 0.4 0.4 0.4 0.3 0.4 
WBLT (P1) 74.3 65.7 65.9 70.9 70.2 
SBTH (P8) 35.3 41.5 39.1 43.3 49.0 
SBLT (P3) 46.1 39.7 35.1 39.9 38.9 
SBRT (P4) 34.8 44.7 40.9 50.7 56.1 

EBTH (P2)* 0.2 0.3 0.2 0.3 0.4 
EBRT (N/A) 0.3 0.3 0.2 0.3 0.4 
EBLT (P5) 72.2 66.4 67.8 66.3 72.5 

Total Delay 62959.6 65817.8 64781.4 68593.8 76377.1 

Impact N/A 4.54% 2.89% 8.95% 21.31% 

Note: P1 – P8: phases 1 to phase 8; N/A: Some right turn movements have exclusive 
right turn lane which allows to turn right on red. This configuration significantly reduces 
the right turn vehicle delay; *: Coordinated phase 
 

 

Table 8-2: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Near Saturated Traffic Condition 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 36.8 39.1 40.4 43.8 52.8 
NBRT (N/A) 3.4 2.9 3.6 4.0 4.3 
NBLT (P7) 49.5 58.7 63.0 65.3 72.8 

WBTH (P6)* 1.4 2.8 2.2 1.4 1.2 
WBRT (N/A) 0.4 0.7 0.4 0.5 0.4 
WBLT (P1) 103.4 77.7 76.6 80.5 89.1 
SBTH (P8) 43.1 38.0 36.8 42.0 47.8 
SBLT (P3) 53.1 45.4 41.4 46.4 48.9 
SBRT (P4) 45.6 38.6 38.9 45.5 49.0 

EBTH (P2)* 2.2 2.3 2.6 0.9 2.4 
EBRT (N/A) 0.5 0.4 0.4 0.4 0.5 
EBLT (P5) 78.5 71.9 73.1 74.8 93.0 

Total Delay 107940.7 100537.5 100148.1 105397.9 122591.5 

Impact N/A -6.86% -7.22% -2.36% 15.57% 
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Table 8-3: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Over Saturated Traffic Condition 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 42.9 40.9 40.0 42.7 51.4 
NBRT (N/A) 5.6 4.7 3.2 4.7 5.8 
NBLT (P7) 46.5 66.4 67.3 74.6 82.9 

WBTH (P6)* 6.1 5.0 5.8 5.8 3.8 
WBRT (N/A) 0.7 0.8 1.0 0.9 1.0 
WBLT (P1) 87.8 100.3 110.8 112.6 87.7 
SBTH (P8) 84.1 40.2 40.2 44.2 63.0 
SBLT (P3) 54.0 52.4 49.1 62.6 70.3 
SBRT (P4) 86.7 39.8 38.0 42.2 64.0 

EBTH (P2)* 2.7 4.6 4.0 2.5 3.9 
EBRT (N/A) 0.4 1.2 0.9 0.4 0.9 
EBLT (P5) 79.0 91.3 96.1 89.4 86.5 

Total Delay 159900.7 133579.4 133928.9 141123.1 159331.3 

Impact N/A -16.46% -16.24% -11.74% -0.36% 

 

The integration algorithm works best in the higher demand and higher market penetration 

rate cases. Under the lower demand level and lower penetration rate cases, the 

performance of the integrated adaptive algorithm is not as good as coordinated actuated 

control.   

Under medium traffic conditions, the integrated adaptive algorithm has worse 

performance under all penetration rates. Under the 25% penetration rate case, the total 

delay is more than 21% higher than coordinated actuated case. The reason is that under 

medium traffic conditions, the coordinated actuated control will serve all the vehicles in 

the queue as well as the incoming vehicles unless there is a gap which is larger than the 

unit extension time for all phases or the phase maximum (split) time. After serving all the 

phases, there is still extra green time to allow the controller to return to the coordinated 

phase early, e.g. early return to green. The integrated adaptive algorithm may not serve 
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all the demand because of the DSRC range. The algorithm plans at the beginning of the 

barrier group at which time some vehicles may still outside the DSRC range.  

Compared to free operation, the coordination actually introduces more constraints on the 

phase allocation algorithm. The solution space is limited to the feasible set that is 

generated by the coordination requests. In addition, the cycle length and the phase 

sequence is also assumed to be fixed which further limits the flexibility of the phase 

allocation algorithm. Moreover, the duration and offset of the coordinated phases are 

fixed and identical for both coordinated actuation and the integrated adaptive algorithm. 

The number of vehicles served during coordinated phases consists of the majority of the 

total demand and can be all served without delay under both strategies. The reduction in 

the performance of the integrated adaptive algorithm under 50% and 25% penetration 

rates is mainly due to the inaccuracy of the EVLS algorithm. As stated in Section 5.4, 

when the demand and penetration rates are low, it is common that there is no connected 

vehicle in one region or even the whole lane. EVLS algorithm needs at least one 

connected vehicle in each region in order to make the estimation accurately. The 

inaccuracy from EVLS algorithm results in errors in the arrival table which impacts the 

phase allocation algorithm.  

As the demand increases, the advantages of the integrated adaptive algorithm start to 

appear. Under near saturated traffic condition, the performance of the integrated adaptive 

algorithm is worse than actuated coordination only under the 25% penetration rate while 

under oversaturated traffic condition, the integrated adaptive algorithm performs better in 

all cases. When the traffic demand is higher, it is more and more difficult to serve all 

vehicles for all phases all the time. The integrated adaptive algorithm can intelligently 
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allocate green time to different phases based on flow fluctuation while the coordinated 

actuated just serve vehicles until the phases max out. In addition, the coordinated 

actuated control can’t grant extra green time to a phase more than the pre-defined split 

time.  

Under the oversaturated condition where left turn traffic volume is high, the integrated 

adaptive algorithm implements a left-turn queue warning mechanism which prevents the 

left-turn queue spillback from the left-turn bay. The mechanism puts a warning flag on 

the left-turn phases if the left-turn queue exceeds a certain threshold (10 vehicles in this 

case). If the warning flag is triggered, when the phase allocation algorithm is planning, 

more time will be granted to the left turn phase by increasing the minimum green time of 

left-phases or decreasing the maximum length of the barrier before the left turn phase. 

When the demand is lower, the warning flag is seldom triggered. However, during 

oversaturated condition, the flag is triggered frequently to prevent left-turn queue 

spillover. It was observed during the simulation that with coordinated actuated control 

under oversaturated traffic condition, the spillback happened several times and greatly 

impacted the through movement vehicles as well. 

It is noted that coordinated actuation control and the integrated adaptive control have 

different performances under different situations. Table 8-4 shows the comparison of the 

two strategies under different penetration rates and demand levels. The “√” symbol 

indicates the integrated adaptive algorithm performs better than coordinated actuation and 

the “×” symbol indicates otherwise. The integrated adaptive algorithm outperforms 

coordinated actuation seven out of twelve cases.  
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Table 8-4: Performance Comparison Integrated Adaptive Control Algorithm and 

Actuated Coordination 

Demand Level 
Penetration Rates 

100% 75% 50% 25% 
Medium × × × × 

Near Saturated √ √ √ × 
Oversaturated √ √ √ √ 

 

To improve the performance of the adaptive control algorithm under low demand and 

low penetration rate cases, the idea of integrating detector actuation with the phase 

allocation algorithm was investigated. As introduced in Section 5.4 and Figure 5-4, the 

algorithm will check for stop-bar detector status occupancy when planning to see whether 

there is a detector call if no connected vehicle is present for this phase. The similar idea is 

applied in the integration of actuation and phase allocation algorithm. Figure 8-4 shows 

the logic of the integration. 
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Figure 8-4: Integration Actuation with Adaptive Control 

First, the phase allocation algorithm generates the optimal signal schedule. While 

executing the plan, at the end of each phase (1s before green ends), the logic checks the 

current stop-bar detector calls to see whether it is necessary to extend the phase. If there 
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is vehicles on the stop-bar detector, the logic further checks whether the current phase 

already reached the right critical point which is the “must force-off” point. If the time has 

reached the critical point, the phase will be forced-off regardless of detector calls (similar 

to max out). If not, then the phase will be extended for one second and the signal timing 

schedule will be modified accordingly. A new list of signal event will be constructed and 

sent to Traffic Controller Interface. Note that if the current phase is the first phase of the 

barrier, the phases in each of the two rings can be extended independently. However, if 

both of the phases are in the second phase of the barrier, the phases in both rings must be 

extended together even if only one ring has detector calls. Otherwise, the barrier 

constraint may not be fulfilled. 

The new logic has two main advantages. First, it is able to serve additional vehicles what 

were outside of the DSRC range when phase allocation algorithm was planning. Second, 

the new logic is able to push the force-off points of non-coordinated phases to the critical 

points which means the durations of non-coordinated phases can be longer than 

predefined splits. In this way, during some cycles, if the demand of the non-coordinated 

phases is higher than the average flow rate due to demand fluctuation, the new logic can 

borrow time from other phases and serve all the vehicles.  

Table 8-5, Table 8-6 and Table 8-7 show the results of the integrated logic of actuation 

and phase allocation with coordination request. 
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Table 8-5: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Medium Traffic Condition (Actuation + Adaptive) 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 35.8 36.1 36.1 35.2 35.7 
NBRT (N/A) 4.4 3.0 3.2 2.7 3.6 
NBLT (P7) 42.9 42.3 41.9 41.1 43.0 

WBTH (P6)* 0.2 0.6 0.5 0.6 0.5 
WBRT (N/A) 0.4 0.5 0.4 0.4 0.6 
WBLT (P1) 74.3 72.6 71.0 72.7 72.2 
SBTH (P8) 35.3 34.5 35.1 34.2 34.8 
SBLT (P3) 46.1 43.3 42.3 42.2 43.4 
SBRT (P4) 34.8 36.5 36.6 36.1 36.5 

EBTH (P2)* 0.2 0.5 0.4 0.5 0.4 
EBRT (N/A) 0.3 0.3 0.3 0.3 0.2 
EBLT (P5) 72.2 73.1 71.2 71.9 71.7 

Total Delay 62959.6 62723.2 62372.3 61881.9 62496.9 

Impact N/A -0.38% -0.93% -1.71% -0.73% 

 
Table 8-6: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Near Saturated Traffic Condition (Actuation + Adaptive) 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 36.8 36.2 34.4 37.0 35.3 
NBRT (N/A) 3.4 4.4 6.1 5.0 5.0 
NBLT (P7) 49.5 48.1 48.9 49.0 48.1 

WBTH (P6)* 1.4 1.8 1.5 1.4 1.5 
WBRT (N/A) 0.4 0.6 0.5 0.6 0.6 
WBLT (P1) 103.4 89.9 92.2 92.7 100.0 
SBTH (P8) 43.1 41.1 40.8 41.4 42.4 
SBLT (P3) 53.1 48.5 48.5 48.6 48.4 
SBRT (P4) 45.6 43.7 43.2 44.7 43.8 

EBTH (P2)* 2.2 1.2 2.1 1.2 1.6 
EBRT (N/A) 0.5 0.5 0.5 0.4 0.5 
EBLT (P5) 78.5 77.6 78.2 81.1 79.8 

Total Delay 107940.7 100895.7 101132.8 103146.8 104522.0 

Impact N/A -6.53% -6.31% -4.44% -3.17% 
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Table 8-7: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Over Saturated Traffic Condition (Actuation + Adaptive) 

Movement Actuation 100% 75% 50% 25% 

NBTH (P4) 42.9 40.7 41.0 42.5 43.9 
NBRT (N/A) 5.6 5.0 4.2 5.1 4.8 
NBLT (P7) 46.5 46.9 46.5 45.3 47.0 

WBTH (P6)* 6.1 4.8 3.4 5.2 5.1 
WBRT (N/A) 0.7 0.7 0.4 0.8 0.9 
WBLT (P1) 87.8 90.2 82.7 89.2 82.5 
SBTH (P8) 84.1 67.3 67.1 77.5 73.6 
SBLT (P3) 54.0 49.9 56.0 55.0 54.1 
SBRT (P4) 86.7 69.5 66.6 76.9 75.0 

EBTH (P2)* 2.7 2.3 3.4 2.1 3.3 
EBRT (N/A) 0.4 0.5 0.7 0.4 0.4 
EBLT (P5) 79.0 78.1 78.8 78.0 81.5 

Total Delay 159900.7 145419.2 143505.6 154400.4 153042.1 

Impact N/A -9.06% -10.25% -3.44% -4.29% 

 
After integrating the actuation logic with phase allocation algorithm, all the results from 

the integrated adaptive algorithms outperforms the coordinated actuation logic. 

Comparing the integrated adaptive algorithm with or without actuation, there are some 

interesting findings: 

1. Under medium traffic demand, the improvements under different penetration rates 

are similar to each other, but much better than integrated adaptive algorithm 

without actuation. The delay reductions are all less than 2%. The behavior of the 

integrated strategy is similar to coordinated actuated control: extend the green 

until there is no call on the detector or split time has been served. The marginal 

benefit comes from the more flexible duration of the splits of non-coordinated 

phases. As mentioned above, the integrated adaptive algorithm with actuation can 

borrow time from other phases to server one phase with extra demand while the 

green duration is limited by split in coordinated actuated control. 
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2. Under near saturated traffic demand, when the penetration rate is high (100% or 

75%), the performance of integrated adaptive algorithm with or without actuation 

are similar. When the penetration rate is low (25%, 50%), the integrated adaptive 

algorithm with actuation starts to show advantages because of the errors from 

EVLS becomes more significant. One reason is that with higher demand, the 

number of connected vehicles under same penetration rate also increases. It 

reduces the probability that there are no connected vehicles in one region. The 

second reason is that the benefit from the integrated adaptive algorithm starts to 

overcome the errors from EVLS.  

3. Under oversaturated traffic demand, when the penetration rate is above 25%, the 

performance of the integrated adaptive algorithm without actuation is 

significantly better than with the actuation logic. At such demand levels, actuation 

becomes unnecessary because there is always demand for each phase to extend 

until the split or critical points. Actuation now becomes fixed time control. The 

integrated adaptive algorithm tries to allocation green time smarter by terminating 

phases at certain time points when the delay caused by residual queue is not big 

enough compared to other phases. However, under the 25% penetration rate case, 

the errors caused by EVLS still significantly influence the accuracy of arrival 

table which makes integrated adaptive algorithm with actuation a better choice. 

Table 8-8 summarizes the comparison of integrated adaptive algorithm with or without 

actuation. “I” in the table means integrated adaptive algorithm with actuation should be 

used. “A” means integrated adaptive algorithm without actuation should be used. “I or A” 

means the two strategies work similarly. It shows under low penetration rate such as 
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25%, regardless of demand level, the integration of actuation logic is necessary. Under 

medium or high penetration rates, integrated adaptive algorithm without actuation 

performs better. 

Table 8-8: Comparison between integrated adaptive algorithm with or without 

Actuation  

 

Demand Level 
Penetration Rates 

100% 75% 50% 25% 
Medium I I I I 

Near Saturated I or A I or A I I 
Oversaturated A A A I 

The integration with actuation shows a good performance under low demand and low 

penetration rate cases. However, 25% market penetration is still pretty high with respect 

to early deployment of the algorithm in the real world. For the consideration of 

deployment of such application at an early stage when the penetration rate is extremely 

low, three more penetration rates were tested: 10%, 5% and 1%. Results are shown in 

Table 8-9, Table 8-10 and Table 8-11. 

Table 8-9: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Medium Traffic Condition (Extreme Low Penetration Rates) 

Movement Actuation 10% 5% 1% 

NBTH (P4) 35.8 35.1 36.0 35.5 
NBRT (N/A) 4.4 3.7 3.4 3.3 
NBLT (P7) 42.9 41.4 42.1 41.6 

WBTH (P6)* 0.2 0.6 0.3 0.2 
WBRT (N/A) 0.4 0.5 0.5 0.4 
WBLT (P1) 74.3 73.9 74.6 72.4 
SBTH (P8) 35.3 34.7 34.5 34.5 
SBLT (P3) 46.1 42.8 42.2 42.5 
SBRT (P4) 34.8 37.6 35.6 37.6 

EBTH (P2)* 0.2 0.3 0.3 0.2 
EBRT (N/A) 0.3 0.4 0.4 0.4 
EBLT (P5) 72.2 35.1 71.7 70.9 

Total Delay 62959.6 62342.8 62311.1 61793.4 

Impact N/A -0.98% -1.03% -1.90% 
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Table 8-10: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Near Saturated Traffic Condition (Extreme Low Penetration Rates) 

Movement Actuation 10% 5% 1% 

NBTH (P4) 36.8 35.8 37.5 35.7 
NBRT (N/A) 3.4 5.0 5.3 5.1 
NBLT (P7) 49.5 48.9 48.7 49.0 

WBTH (P6)* 1.4 2.1 2.5 2.4 
WBRT (N/A) 0.4 0.6 0.7 0.6 
WBLT (P1) 103.4 101.5 88.5 97.6 
SBTH (P8) 43.1 41.7 43.0 42.6 
SBLT (P3) 53.1 48.6 48.6 49.2 
SBRT (P4) 45.6 44.9 46.5 47.8 

EBTH (P2)* 2.2 1.3 2.4 0.9 
EBRT (N/A) 0.5 0.4 0.7 0.5 
EBLT (P5) 78.5 77.5 81.3 78.2 

Total Delay 107940.7 104129.9 105811.2 104649.1 

Impact N/A -3.53% -1.97% -3.05% 

 

Table 8-11: Average Vehicle Delay by Movement and Total Vehicle Delay under 

Over Saturated Traffic Condition (Extreme Low Penetration Rates) 

Movement Actuation 10% 5% 1% 

NBTH (P4) 42.9 43.4 42.4 43.3 
NBRT (N/A) 5.6 4.4 4.5 4.2 
NBLT (P7) 46.5 46.4 48.1 47.8 

WBTH (P6)* 6.1 3.5 4.9 4.4 
WBRT (N/A) 0.7 0.6 0.7 1.1 
WBLT (P1) 87.8 89.5 92.1 91.0 
SBTH (P8) 84.1 83.2 83.2 79.4 
SBLT (P3) 54.0 56.0 51.0 52.0 
SBRT (P4) 86.7 84.3 79.9 83.1 

EBTH (P2)* 2.7 1.8 3.2 3.1 
EBRT (N/A) 0.4 0.5 0.5 0.6 
EBLT (P5) 79.0 80.0 82.2 79.2 

Total Delay 159900.7 157147.9 159762.5 156875.6 

Impact N/A -1.73% -0.09% -1.89% 

 

In all cases, the integrated adaptive algorithm with actuation still shows marginal benefit 

over coordinated actuation, but the difference is small because the integrated adaptive 
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algorithm plays less and less role when the penetration rate drops further. The marginal 

benefit mainly comes from the more flexible duration of split of non-coordinated phases. 

 

8.4.2 Adaptive Control Integrated with Priority Vehicle Requests 

In this section, the performance of the integration of the phase allocation algorithm with 

priority vehicle requests is tested (integrated adaptive). Unlike coordination requests, 

which are fixed and sent every cycle, requests from priority vehicles are more random. A 

request can be for any phase and multiple requests can exist simultaneously. Two cases 

are investigated in detail: one priority request and two priority requests at the same time. 

One Priority Request 

As shown in Figure 8-5, the current phases are phase 4 and 8 and one priority vehicle is 

approaching the intersection and is requesting phase 2. The ETA is estimated to be 35 

seconds so that the interval of the priority request is from 33 to 37 seconds which 

considers the uncertainty of the arrival time. The area between the black piecewise linear 

lines is the feasible set. After the priority vehicle passed the intersection, the phase 

allocation algorithm will decide the remaining green time by solving the problem with 

original constraints. Different types of dotted lines are the signal timing plans generated 

by different strategies. It can be seen that under the integrated adaptive algorithm (SP+I-

SIG), the algorithm forces off phase 4 before the critical point while the signal priority 

with actuation (SP+ACT) terminates phase 4 right at the critical point because there are 

still vehicles calling phase 4. The integrated adaptive algorithm decides to force off 

earlier because the delay caused by a few incoming vehicle of phase 4 is less than the 

delay caused by vehicles waiting for other phases. In addition, the basic actuation and the 
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phase allocation algorithm are run without considering the priority request for 

comparison. The phase allocation algorithm (I-SIG) generates a schedule similar to the 

signal priority with actuation and the integrated adaptive algorithm and results in lowest 

total delay including minimal delay for the priority request. The basic actuation (ACT) 

generates a worse signal plan in which both the priority vehicle is delayed and total 

vehicle delay are the highest. The duration of each phase under four different strategies 

are shown in Table 8-12. 
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Figure 8-5: Time Phase Diagram and Signal Plans under Different Strategies (One 

Priority Request) 

 
Table 8-12: Green Phase Duration of Four Different Strategies (One Priority 

Request) 

 
Phase SP+I-SIG SP+ ACT ACT I-SIG 

4/8 13 15 23 17 
1/5 7 7 8 7 
2/6 24 21 19 9 
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Table 8-13 and Figure 8-6 show the average vehicle delay by movement, total vehicle 

delay, and priority vehicle delay. The statistics only contain the delay from several 

seconds before the priority vehicle enters the DSRC range until the priority vehicle 

passes the intersection. This specific example lasts about 1 minute of simulation time. 

The total delay of all vehicles under the integrated adaptive algorithm is lower than that 

under the signal priority with actuation. The earlier force-off of phase 4 of the integrated 

adaptive algorithm also benefits the priority vehicle because the queue in front of the 

vehicle can be discharged sooner. Among the four strategies, basic actuation generates 

the highest total delay and the phase allocation algorithm generates the lowest total delay. 

As for average vehicle delay by movement, the phase allocation algorithm, signal priority 

with actuation and the integrated adaptive algorithm serves all movements similarly 

while the basic actuation has a little less delay on NBTH and SBTH because of the 

extension but more delay on other four movements. 

Table 8-13: Average Vehicle Delay by Movement, Total Vehicle Delay and Priority 

Vehicle Delay (One Priority Request) 

Movement SP+I-SIG SP+ACT ACT I-SIG 
NBTH (P8) 39.0 38.5 37.2 38.6 
WBTH (P6) 20.5 22.0 29.7 23.8 
WBLT (P1) 55.2 56.1 62.0 54.6 
SBTH (P4) 38.6 38.2 34.7 38.2 
EBTH (P2) 16.6 19.3 30.4 20.3 
EBLT (P5) 52.6 53.0 58.9 52.1 
Total Delay 2976.5 3049.3 3341.8 2910.4 

Priority Vehicle  Delay 5.0 6.4 14.9 4.8 
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Figure 8-6: Average Vehicle Delay by Movement (One Priority Request) 

It can be seen from the case study that with one priority request, the phase allocation 

algorithm chooses a specific signal timing plan that minimizes total vehicle delay within 

the feasible set provided by signal priority algorithm, meanwhile, the priority vehicle 

delay remains similar. 

Two Priority Vehicles 

Figure 8-7 shows the time-phase diagram with two priority requests active at the same 

time. The current phases are phase 4 and 8. The first priority vehicle is requesting phase 4 

with ETA of 16s and an arrival interval from 14-18s. The second priority vehicle is 

requesting phase 2 with ETA 23s and an arrival interval from 25-27s. The signal priority 

algorithm decides to serve the first request first. In order to minimize the total priority 

vehicle delay, the feasible set is tightly constrained and there are no options for either 

actuation or phase allocation algorithm until both priority requests are served. After 
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holding phase 4 up to 18 second to let the first priority vehicle pass, the algorithm forces 

off phase 4 immediately and only gives minimum green time to phase 1 in order to 

minimize the priority delay. In this case, the left critical points and right critical points are 

the same so that there is only one feasible plan. It can be seen from the figure that both 

the integrated adaptive algorithm (SP+I-SIG) and signal priority with actuation 

(SP+ACT) follow this plan. The durations of phase 2 are different because after both 

priority requests are served, the phase allocation algorithm (I-SIG) and basic actuation 

(ACT) may generate different timing plans. Again, basic actuation generated a signal 

timing plan which is significantly different from the other strategies. The duration of each 

phase under four different strategies are shown in Table 8-14. 
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Figure 8-7: Time Phase Diagram and Signal Plans under Different Strategies (Two 

Priority Requests) 
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Table 8-14: Green Phase Duration of Four Different Strategies (Two Priority 

Requests) 

 
Phase SP+I-SIG SP+ACT ACT I-SIG 

4/8 18 18 24 17 
1/5 7 7 8 7 
2/6 14 21 18 9 

 

Table 8-15 and Figure 8-8 show the average vehicle delay by movement, total vehicle 

delay and priority vehicle delay. Similarly, the statistics contain about 80 seconds of 

simulation time. The total delay of all vehicles and priority vehicle delay under the 

integrated algorithm are very close to the signal priority with actuation in this case 

because they generated the same plan to serve the priority vehicles. Among the four 

strategies, basic actuation generates the highest total delay and pure phase allocation 

algorithm generates the lowest total delay. As for average vehicle delay by movement, 

phase allocation algorithm, signal priority with actuation and the integrated adaptive 

algorithms serve all movements similarly while basic actuation behaves differently. 

Table 8-15: Average Vehicle Delay by Movement, Total Vehicle Delay and Priority 

Vehicle Delay (Two Priority Requests) 

Movement SP+I-SIG SP+ACT ACT I-SIG 
NBTH (P8) 37.7 38.5 37.2 38.9 
WBTH (P6) 25.3 21.2 25.6 24.2 
WBLT (P1) 57.9 56.4 62.0 54.8 
SBTH (P4) 36.9 36.4 33.2 36.7 
EBTH (P2) 20.6 20.0 26.4 21.5 
EBLT (P5) 54.5 53.3 58.5 52.1 
Total Delay 3093.2 3073.4 3398.4 2951.6 

Priority Vehicle  Delay 20.6 21.3 29.1 20.2 
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Figure 8-8: Average Vehicle Delay by Movement (Two Priority Requests) 

It can be seen from the case study that with two priority requests, instead of a feasible set, 

there may be only one feasible signal schedule to minimize total priority delay which 

constrains the integrated adaptive algorithm and signal priority with actuation to the same 

schedule. 

Experimentation 

A two hour simulation experiment is carried out at Gavilan Peak and Daisy Mountain 

Intersection in VISSIM to test the performance of the integrated adaptive algorithm 

(SP+I-SIG) and the results are compared to signal priority with actuation (SP+ACT) and 

basic actuation (ACT). The traffic demand is set to 500 veh/h/lane eastbound and 

westbound and 375 veh/h/lane northbound and southbound which represent medium 

traffic demand. A bus route is set on Daisy Mountain Dr. to cross the intersection 

eastbound requesting phase 2. The headway of the bus is 5 minutes which means in total 
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there are 24 buses in two hours simulation time. The first 300s are considered as the 

warm up period and the later 6900 seconds are used for data collection. Therefore, there 

are 23 buses included in the statistics. Table 8-16 and Figure 8-9 show the result of 

average vehicle delay for each phase, total vehicle delay, average bus delay under 

different penetration rates and strategies. 

Table 8-16: Comparison of Vehicle Delay and Bus Delay Signal Priority with 

Adaptive Signal Control 

 SP+I_SIG 
SP+I-

SIG+ACT 
SP+ACT ACT 

Phase 100% 75% 50% 25% 25% 0% 0% 

8 (NBTh) 29.1 30.8 31.0 32.6 30.7 32.6 27.2 
3 (NBLT) 27.9 31.1 32.4 29.9 36.5 42.2 39.1 
6 (WBTh) 22.6 22.7 24.9 27.4 24.7 24.0 25.5 
1 (WBLT) 33.2 41.9 38.6 38.4 34.1 41.0 36.9 
4 (SBTh) 30.8 30.2 30.6 32.8 30.2 32.5 29.5 
7 (SBLT) 27.3 28.9 26.1 28.0 36.6 37.2 38.7 
2 (EBTh) 21.7 22.0 22.3 26.1 23.5 23.0 24.9 
5 (EBLT) 35.0 45.6 38.3 42.5 35.5 38.5 37.4 

Total Delay 224068 235973 237756 259477 239946 247950 242995 

Impact -9.63% -4.83% -4.11% 4.65% -3.23% N/A -2.00% 

Ave Bus 
Delay 

7.26 7.43 7.00 7.57 5.64 7.96 19.55 
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Note: Scenario three to six (from left) are SP+I-SIG and Scenario seven is SP+I-SIG+ACT 

Figure 8-9: Average Vehicle Delay and Transit Delay - Integration of I-SIG and 

TSP 

A few observations are made based on the results. 

1. Compared to basic actuation (ACT), when signal priority is applied, the bus delay 

reduced significantly in all cases. 

2. Comparing signal priority with actuation (SP+ACT) and basic actuation (ACT), 

the total vehicle delay is increased by 2% when signal priority is applied. The 

priority logic influences the general operations of the traffic signal which is 

common under signal priority. 

3. Under 100%, 75% and 50% penetration rates, the total vehicle delays of the 

integrated adaptive algorithm (SP+I-SIG) are decreased by 9.63%, 4.83% and 

4.11%, respectively compared to signal priority with actuation. The improvement 

comes from the better green allocation during normal signal operations and 
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choosing the optimal timing plan within the feasible set when signal priority is 

active. Under 25% penetration rate, the total vehicle delay is increased by 4.65% 

compared to signal priority with actuation which shows a similar pattern as in 

previous section. As a result, the actuation logic is added to the integrated 

adaptive algorithm to augment the phase allocation algorithm. After adding 

actuation logic to phase allocation algorithm (SP+I-SIG+ACT), the total delay is 

3.23% less than signal priority with actuation while the bus delay remains similar. 

The bus has a fixed headway of 5 minute and always requests the same phase. Because of 

the randomness of passenger vehicle arrival, the bus may arrive at the DSRC range and 

start to request priority during any phase (and time) during the signal operation cycle. 

Based on different phase status, the feasible set may or may not exist even for one 

priority request. Assume the bus speed is 40km/h which is about 11.11 m/s and the 

DSRC range is 300m. When the bus enters the DSRC range, its ETA to the intersection is 

27s. Assume the bus requests phase 2 and the signal is operated in a fixed phase sequence 

as 1, 2, 3 and 4. The minimum split is 12s (7s of minimum green time plus 5s of 

transition time). 

If the current phase is phase 1, the feasible set exists. Phase 1 can be extended until 22s 

before forced-off. If phase one is terminated earlier, the priority vehicle will not be 

affected because the next phase is the requesting phase. 

If the current phase is phase 2, the feasible set is tightly constrained and there is only one 

feasible schedule. There are two situations that can occur if the current phase is the 

requested phase: 1) If the elapsed green time plus the ETA is shorter than the maximum 

green time, the algorithm will hold the green time until the bus passes; 2) If the elapsed 
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green time plus the ETA is longer than the maximum green time, the algorithm will 

force-off current phase (phase 2) immediately and go through phase 3, 4 and 1 with 

minimum green times. In either case, the signal priority algorithm generates only one 

timing plan. 

If the current phase is phase 3, the feasible set is also tightly constrained. The summation 

of minimum splits of phase 4 and phase 1 plus the transition time of phase 3 is 29s which 

is greater than the ETA. Phase 3 will be forced-off immediately after the minimum green 

time and phase 1 and phase 4 will serve only minimum green times in order to minimize 

bus delay. As a result, only one timing plan is generated by signal priority algorithm. 

If the current phase is phase 4, the feasible set will offer some options. This case is 

similar as the phase one case. Depending on the elapsed green time of phase 4, the area of 

the feasible set can be changed. 

Different ETAs caused by different approach speeds and DSRC range may also change 

the conditions in generating the feasible set. Generally, the longer the ETA, the more 

feasible solutions are generated which gives more flexibility for the phase allocation 

algorithm to allocate green time intelligently.  

Longer ETA’s may be accomplished using non-DSRC communications that don’t have 

the range restrictions or by using a section or network level approach where the priority 

requests are generated based on the upstream signal events. As the ETA gets longer, the 

uncertainty in the arrival time requires a wider request interval or updating as the vehicle 

gets closer.  
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8.4.3 Adaptive Control Integrated with Priority Vehicle and Coordination Request 

In this section, the performance of the phase allocation algorithm with priority requests 

from both coordination and priority vehicles is tested. The test intersection is Gavilan 

Peak and Daisy Mountain, as shown in Figure 5-5. The coordination parameters are set 

the same as in Section 8.4.1. A transit vehicle is added running eastbound on Daisy 

Mountain with 6 minutes headway requesting phase 2. The cycle length is set to 100 

seconds, the transit vehicle arrives at the intersection at five different time points of the 

cycle. The five different cases are: 

1. Transit vehicle arrives before the platoon of vehicle as shown in Figure 8-10. 

 

Figure 8-10: Time-Phase Diagram of Transit Priority Request with Coordination 

Request (Case I) 
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The transit vehicle may arrive at the intersection during left turn phase or coordinated 

phase if the coordinated phase returns to green early. Upon receiving the request, there 

exists a small feasible set for phase allocation algorithm. The transit vehicle delay is zero. 

2. Transit vehicle arrives with the platoon of vehicle as shown in Figure 8-11. 

 

Figure 8-11: Time-Phase Diagram of Transit Priority Request with Coordination 

Request (Case II) 

In this case, the coordination request and the transit priority request overlap and the 

transit vehicle can be served with the platoon of regular vehicles. The transit vehicle has 

no delay. 

3. Transit vehicle arrives after the platoon of vehicles Type I as shown in Figure 

8-12. 
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Figure 8-12: Time-Phase Diagram of Transit Priority Request with Coordination 

Request (Case III) 

In this case the transit vehicle will arrive at the intersection after the platoon of regular 

vehicles, but the transit priority request is received during the coordinated phase. To give 

priority to transit vehicle, the maximum green time of the requested phase is extended to 

at most 150% of original maximum green time. As a result, the integrated algorithm will 

hold the coordinated phase for the transit vehicle until it passes. After the transit vehicle 

passes, the phase allocation algorithm will follow the constraints constructed by 

coordinated request to make sure the start point of the next cycle is not violated. In this 

case, transit vehicle has no delay. Note that if the algorithm follows the original 

maximum green time (same as the split), the transit vehicle will be delayed. 

4. Transit vehicle arrives after the platoon of vehicles Type II as shown in Figure 

8-13. 
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Figure 8-13: Time-Phase Diagram of Transit Priority Request with Coordination 

Request (Case IV) 

In this case the transit vehicle will arrive at the intersection after the platoon of regular 

vehicles. However, the transit priority request is received after the coordinated phase is 

terminated. In order to serve the transit priority request with minimum delay. Phase 3, 

Phase 4 and Phase 1 are terminated after minimum green time. The signal returns to 

coordinated phase very early which may significantly impact the vehicles from non-

coordinated phases. In this case, transit vehicle is delayed and there is the feasible set for 

the phase allocation algorithm is tightly constrained. 

5. Transit vehicle arrives during green time of side streets as shown in Figure 8-14. 
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Figure 8-14: Time-Phase Diagram of Transit Priority Request with Coordination 

Request (Case V) 

In this case, the transit priority request is received when side street phases are green. 

Similar to case 1 (when the transit vehicle arrives before the platoon of vehicles), there is 

a feasible set for the phase allocation algorithm   to schedule green time based on vehicle 

delay. The transit vehicle has no delay. 

A two hour simulation scenario is carried out in VISSIM to test the performance of the 

algorithm and results are compared to signal priority with actuation and coordinated 

actuation. Two virtual signals are added at the upstream of phase 2 and phase 6 to create 

platoons of vehicles. The weights of priority vehicle request and coordination request in 

signal priority algorithm are both set to 1, which means they are equally important. In 

total there are 20 buses in two hours simulation time. The traffic demand is set to 500 

veh/h/lane eastbound and westbound and 375 veh/h/lane northbound and southbound 
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which represent medium traffic demand. The first 300s is considered as the warm up time 

and the later 6900 seconds are used for data collection. Under this demand level, results 

from Section 8.4.1 showed that actuation logic is needed to improve the performance of 

the phase allocation algorithm. As a result, actuation is also integrated under all 

penetration rate cases.  

Table 8-17 and Figure 8-15 show the result of average vehicle delay for each movement, 

total vehicle delay, average bus delay under different penetration rates and strategies. 

Table 8-17: Comparison of Vehicle Delay and Bus Delay under Adaptive Signal 

Control with Transit Priority and Coordination 

MVT 
100%+SP

+ACT 
75%+SP
+ACT 

50%+SP
+ACT 

25%+SP
+ACT 

25%+
ACT 

SP+ACT CACT 

NBTh 38.0 38.4 38.3 39.6 35.9 38.7 34.8 
NBRT 3.6 4.2 4.5 4.4 4.6 4.4 4.3 
NBLT 42.7 42.9 44.0 42.9 43.3 44.6 42.0 
WBTh 0.9 0.8 1.3 1.8 0.9 3.7 2.2 
WBRT 0.4 0.5 0.5 0.5 0.5 0.4 0.5 
WBLT 68.0 71.1 70.2 66.4 72.3 65.5 67.0 
SBTh 41.4 41.2 42.0 42.5 35.0 40.9 34.7 
SBLT 46.8 47.2 47.9 48.8 46.7 50.6 48.4 
SBRT 42.4 40.3 43.4 43.1 37.1 41.0 36.1 
EBTh 1.2 0.9 1.3 1.7 0.9 3.0 2.5 
EBRT 0.4 0.3 0.5 0.4 0.4 0.4 0.4 
EBLT 67.2 69.9 70.8 66.2 70.6 65.1 65.5 

Total 
Delay 

160818 161928 165713 166617 153485 170379 154490 

Impact 4.10% 4.81% 7.26% 7.85% -0.65% 10.28% N/A 

Ave Bus 
Delay 

5.72 6.23 5.87 5.09 20.04 7.55 19.7 
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Figure 8-15: Average Vehicle Delay and Transit Delay – Adaptive Control with 

Transit Priority and Coordination 

A few observations are made based on the results. 

1. Compared to coordinated actuation (Column CACT), when signal priority is 

applied, the bus delay is reduced significantly in all cases. The average transit 

delay is reduced between 68.4% - 74.2% under different penetration rates. 

2. Compared to transit priority with actuation (Column SP+ACT), both the transit 

delay and the average vehicle delay are reduced. Under 100%, 75%, 50% and 

25% penetration rate, the average vehicle delay are reduced by -5.61%, -4.96%, -

2.74% and -2.21% respectively. It shows the benefit of the phase allocation 

algorithm allocating green time for regular vehicles.  

3. The average vehicle delay increased by 4.10% to 7.85% under different 

penetration cases compared to coordinated actuation. Giving priority to transit 
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aggressively (e.g. increase the maximum green time of the requested phase) 

results in higher regular vehicle delay. It can be seen that almost all movements 

have higher average vehicle delay except for the WBTH and EBTH movements – 

which are the movements that receive the benefit from coordination and the 

priority movement. Higher penetration rates generate better results, but the 

differences in this case is small because of the coordination constraint.  

4. In order to confirm that the increased delay comes from giving transit priority, 

column 25%+ACT shows the results by not letting the transit vehicle request 

priority under the 25% penetration rate case. Only the coordination request is 

considered in this case. Results show that the total vehicle delay reduced by -

0.65% compared to coordinated actuation which shows the increased delay comes 

from giving priority to transit vehicle. The average transit vehicle delay is 

increased to 20.04s because on priority is given. 

5. Giving priority to transit vehicle doesn’t impact coordination because in this case 

study transit vehicle request the coordinated phase.  

It is noted in both cases (with or without transit priority) that coordination limits the 

performance of phase allocation algorithm under the medium demand level. 

 

8.5 Summary 

This chapter presents an integration framework of the phase allocation algorithm and 

signal priority algorithm. The signal priority algorithm generates a feasible set of signal 

timing schedules based on different priority or coordination requests and the phase 

allocation algorithm chooses one schedule in terms of minimization of total vehicle 
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delay. The integration framework is evaluated under three different scenarios: with 

coordination request, with priority vehicle request and with both coordination and priority 

vehicle requests. Results shows the integrated adaptive algorithm is able to reduce total 

vehicle delay while maintaining the priority (or coordination) delay similarly when 

compared with signal priority algorithm with actuation. It is also found that the additional 

constraints from the feasible set limits the flexibility of the phase allocation algorithm. 

Further research can investigate how to increase the ETA using non-DSRC 

communications to enlarge the feasible set and make more flexibility for the phase 

allocation algorithm. In addition, the integration framework should be tested and 

evaluated in a network level. 
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Chapter 9 Summary, Contributions and Future 

Research 

 
 
9.1 Research Summary 

Current real-time signal control strategies include actuated control and adaptive control 

which rely heavily on infrastructure-based sensors, including in-pavement or video based 

loop detectors to collection data. Such systems usually have high installation and 

maintenance cost and can’t provide complete vehicle information. With the emergence of 

connected vehicle technology, mobility applications utilizing vehicle-to-infrastructure 

(V2I) communication enable the intersection to acquire a much more complete picture of 

the nearby vehicle states. Based on this new source of data, traffic controllers should be 

able to make “smarter” decisions. This dissertation investigated the traffic signal control 

strategies in a connected vehicle environment considering mobility as well as safety. A 

system architecture for connected vehicles based signal control applications under both a 

simulation environment and in a real world field test network was developed. The 

architecture can be applied to applications such as adaptive signal control, signal priority, 

integration of adaptive signal control and signal priority, and dilemma zone protection.  

This dissertation mainly consists of the following components. 

 

9.1.1 Trajectory Awareness of Connected Vehicles  

This component is responsible for processing and temporarily storing connected vehicle 

trajectories. Based on received Basic Safety Messages (BSMs) and the intersection map, 
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this component locates vehicles on the map and stores important information such as 

position, speed, heading, estimated time of arrival (ETA) and requested traffic signal 

phase. The trajectory data can be requested by other components such as the phase 

allocation algorithm. First, an intersection map which is a lane level geometric 

intersection description (GID) of the road network is constructed. The map includes 

attributes of the intersection, approaches and lanes. To develop a map, a Google Earth 

map is built and each lane node is added manually to characterize the geometry of the 

intersection. Then a map description file which includes all information needed of the 

intersection being controlled is built based on the Google Earth map. Finally, the SAE 

J2735 (2009) MAP message is generated from the map description file. Combined with 

the map and vehicle information from BSM, the locating vehicle on the map algorithm 

calculates the ETA and requested phase based on the vehicle states. Two geo-fencing 

areas are defined to set a virtual perimeter on the road for the component to decide 

whether to add the vehicle into the active list or locate vehicle on the map. Geo-fencing 

area 1 defines the region where vehicles should be considered as being of interest from a 

traffic control point of view while specifies the roadway segments that are actually 

considered in the control algorithms. In addition, the area within the intersection is also 

excluded. To address the privacy concern, a vehicle’s trajectory is only stored for a short 

period of time when the vehicle is “active”. A vehicle is deleted from the list when it 

leaves the DSRC radio range and the trajectory information has been requested by other 

components. 
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9.1.2 Intelligent Traffic Control – Adaptive Signal Control 

This component presents a real-time adaptive signal phase allocation algorithm using 

connected vehicle data. The proposed algorithm optimizes the phase sequence and 

duration simultaneously by solving a two-level optimization problem based on the dual 

ring controller, which is the industry standard in North America. The upper level is the 

barrier group level optimization that is based on dynamic programming while the lower 

level is the phase level optimization that is formulated as a utility minimization problem. 

Two objective functions are considered: minimization of total vehicle delay and 

minimization of queue length. Due to the low penetration rate of the connected vehicles, 

an algorithm that estimates the states of unequipped vehicles based on connected vehicle 

data (EVLS) is developed to construct a complete arrival table for the phase allocation 

algorithm. The road segment on the approach to the intersection is divided into three 

regions: queuing region, slow-down region and free-flow region. Different traffic flow 

models are applied to each region to estimate unequipped vehicle states. Shockwave 

theory is applied in the queuing region to estimate the queue length. In slow-down region, 

Wiedemann’s car following model is applied to insert unequipped vehicles and calculate 

their location and speed. In the free-flow region, vehicles are randomly inserted on the 

roadway based on the market penetration rate. The realization of the algorithms also 

considers phase skipping, stop-bar detector calls, completion of the ring barrier structure, 

and pedestrian status and calls. A real-world intersection is modeled in VISSIM to 

validate the algorithms. Results with a variety of connected vehicle market penetration 

rates and demand levels are compared to well-tuned fully actuated control. In general, the 

proposed control algorithms outperform actuated control by reducing total delay by as 
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much as 16.33% in a high penetration rate case and similar delay in a low penetration rate 

case. Different objective functions result in different behaviors of signal timing. The 

minimization of total vehicle delay usually generates lower total vehicle delay, while 

minimization of queue length serves all phases in a more balanced way. 

 

9.1.3 Intelligent Traffic Control – Dilemma Zone Protection 

Different driving behaviors in the dilemma zone are analyzed based on real-world data 

and VISSIM simulation data. Based on the empirical analysis, this chapter proposes an 

analytical model to estimate number of vehicles in dilemma zone (NVDZ) given signal 

timing, arterial geometry, traffic demand, and driving characteristics. Applying 

Robertson’s platoon dispersion model, the proposed model calculates the flow rate in the 

dilemma zone area at yellow onset as well as queue lengths under a discrete time horizon. 

Then, a VISSIM based microscopic simulation is calibrated to validate the NVDZ 

calculation. The mathematical framework is integrated into both fixed-time coordinated 

signal control and connected vehicle based adaptive control. Both delay and NVDZ are 

formulated as a multi-objective optimization problem addressing efficiency and safety 

together. Examples show that delay and NVDZ are competing objectives and can’t be 

optimized at the same time. An economic model is applied to quantify both delay and 

NVDZ to monetary values. The optimal solution considering both factors in fixed-time 

coordinated signal control have more than 20% reduction of NVDZ and less than 2% 

increase of delay compared to solely minimizing delay. The total cost is reduced. The 

integration of NVDZ reduction and connected vehicle adaptive control is similar to D-CS 

DZ protection system (Zimmerman et al., 2003b). Instead of inferring vehicle location 
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and speed from advance loop-detectors, the complete vehicle trajectory including the 

real-time location and speed can be directly obtained from BSMs. Green extension is 

performed to reduce NVDZ if any connected vehicle are in the range of dilemma zone. 

Different simulation scenarios show similar patterns of total cost reduction. 

 

9.1.4 Connected Vehicle Simulation Environment Development 

Due to the complex nature of traffic control systems it is desirable to utilize traffic 

simulation in order to test and evaluate the effectiveness and safety of new systems 

before implementing them in the field. A simulation environment based on the 

commercially available VISSIM platform was developed that includes both hardware-in-

the-loop (HIL), involving field DSRC devices, and software-in-the-loop (SIL), involving 

the Econolite ASC3 virtual controller, and adopts standard SAE J2735 (2009) DSRC 

messaging. The connected vehicle simulation platform supports different signal control 

applications including adaptive signal control, signal priority and real-time performance 

measurement. The VISSIM drivermodel API is used to create and send BSM and SRM 

messages from VISSIM to OBEs or RSEs. GPS errors were added to the simulation 

model to replicate the real-world GPS situation. Two hours of ground truth GPS data was 

collected and the error was modeled by an ARIMA model. The Docker technique was 

used to run SIL for multiple intersections. A Windows application called OBE distributor 

was developed to route BSMs from the VISSIM network to different intersections based 

on vehicle locations. Two simulation networks were built in VISSIM: Anthem network in 

Anthem, Arizona and El Camino Real Network in San Mateo, California. The adaptive 

signal control component and the vehicle trajectory awareness components were tested 
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under different traffic demand levels and penetration rates. Results from both networks 

show significant improvement compared to actuated signal control.  

 

9.1.5 Integration of Adaptive Signal Control with Signal Priority and Coordination 

Traffic signal priority is an operational strategy to apply special signal timings to reduce 

the delay of certain types of vehicles. The phase allocation algorithm allocates green time 

for regular vehicles. To develop a multi-modal traffic signal system that serves all types 

of users, signal priority and adaptive signal control are integrated into a unified 

framework. Coordination which is treated as a special type of request is included into the 

framework. The objective of the unified framework is to allocate the flexible extension 

time based on vehicle arrivals using the phase allocation algorithm while ensuring that 

the priority request can be served with minimum delay. The signal priority algorithm 

generates a set of optimal signal timing schedules which minimize the priority delay. A 

set of feasible signal timing schedules is defined by a series of critical points defined as 

“must hold” and “must force-off” points. The set is sent to phase allocation algorithm as 

additional constraints of minimum green time, maximum green time and barrier group 

length.  

The integration algorithm is first evaluated with coordination requests. Results show that 

under low traffic demand and low penetration rate cases, the integrated adaptive 

algorithm performs worse than coordinated actuation because of errors in the ELVS 

algorithm and latency between planning and executing the signal plan. As the traffic 

demand or penetration rate increases, the performance of the integrated adaptive 

algorithm outperforms the coordination actuation. Under oversaturated traffic conditions, 
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the delay reduction can be as much as 16.64% and even under 25% market penetration 

rate, the delay reduction is 0.36%. To improve the performance of the integrated adaptive 

algorithm under lower demand and penetration rate cases, this algorithm is further 

integrated with detector actuation. Before the end of the green phase, the algorithm keeps 

extending green time if the stop-bar detectors have vehicle calls. After integrating 

actuation to the algorithm, under all demand levels and penetration rates, the performance 

of the algorithm is better than coordinated actuation. Considering early field deployment 

of the algorithm when the penetration rate is extremely low, the algorithm was tested 

under 10%, 5% and 1% penetration rates. The results of the algorithm are still all better 

than coordinated actuation, but the benefit is only marginal.  

The integrated algorithm is then evaluated with priority request from vehicles. Based on 

the number of phases from the current phase to the requested phase and the number of 

priority requests, the feasible set may have very few feasible schedule options. If there is 

only one feasible schedule, the signal priority algorithm only gives the phase allocation 

algorithm one signal timing schedule that minimize total priority delay. Simulation tests 

show a significant reduction of priority vehicle delay when the signal priority is activated. 

The average priority vehicle delay is reduced more than 50% in all cases. The integrated 

algorithm (priority plus adaptive) is also tested under different penetration rates and 

compared with signal priority algorithm with actuation. The priority vehicle delay 

remains similar under different scenarios. The total delay for all vehicles is decreased by 

-9.63%, -4.83%, and -4.11% under 100%, 75% and 50% penetration rates, respectively 

and increased by 4.65% under 25% penetration rate. To improve the performance, 
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actuation is added to the algorithm. After adding actuation logic, the total vehicle delay is 

decreased by -3.23% compared to signal priority algorithm with actuation. 

Finally, the integrated adaptive algorithm is evaluated with both priority requests from 

vehicles and coordination requests. Transit vehicles arrive at the intersection at different 

time points in the cycle requesting the coordinated phase. Based on the current phase 

status, the integrated adaptive algorithm may choose to hold the requested phase for the 

transit vehicle or force-off other phases within the feasible set generated by the 

coordination requests. Simulation tests show a significant improvement of priority 

vehicle delay while coordination remains intact. Under medium traffic demand level 

giving priority to the transit vehicle increases delay of regular vehicles compared to basic 

coordinated actuation. However, compared to signal priority with actuation, the 

integrated adaptive algorithm results in lower average delay for both transit vehicles and 

regular vehicles. 

 

9.2 Research Contributions 

This dissertation made several contributions to the current traffic signal control system 

and laid a foundation for the connected vehicle based real-time traffic control. Specific 

contributions include: 

1. This research constructed a system architecture for connected vehicle based signal 

control applications that can be applied in both simulation environment and real-

world deployment. Real DSRC devices such as RSE and OBE and signal 

controllers are included in the system design. 
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2. This research developed several models, algorithms and applications on the RSE 

to support the new architecture. These components are: 

(a) A connected vehicle trajectory awareness component that can systematically 

store and process BSM data from all vehicles within the DSRC range. This 

component contains a simple but effective way to build an intersection map 

that can accurately represent the intersection geometry at lane level. The 

component contains an algorithm to locate vehicle on the map and calculate a 

variety of vehicle information. This component also considers the real world 

deployment situation such as geo-fencing the incoming BSM and protecting 

vehicle privacy. 

(b) A real-time adaptive signal control component. This is the first real-time 

signal control algorithm utilizing connected vehicle data. The component has 

two major parts: one estimates unequipped vehicle states from connected 

vehicles information and the other allocates green time based on a two-level 

dynamic programming formulation.  

(c) A real-time dilemma zone protection component integrated with adaptive 

signal control. This component utilizes connected vehicle data to perform 

phase extension to reduce number of vehicles in dilemma zone.  

3. This research is the first to propose an analytical model to estimate number of 

vehicle in dilemma zone. Previous studies mainly focused on the empirical data 

analysis to calculate NVDZ. This research also integrated dilemma zone 

protection with signal optimization to show the economic benefit of dilemma 

zone protection. 
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4. This research represented the first attempt to integrate adaptive signal control, 

signal priority and coordination in a unified framework. The integrated 

framework provided intelligent signal control to multi modal road users including 

regular passenger vehicle, transit vehicle, trucks and emergency vehicles.  

5. This research proposed a simulation environment for connected vehicle related 

signal control applications. The simulation environment involves both HIL and 

SIL. It applies standard SAE J2735 (2009) DSRC messaging and considers real-

world complexities so that the algorithms and models tested in the simulation 

environment can be applied to the field with minimal modification. 

 

9.3 Further Research 

9.3.1 Connected Vehicle Trajectory Awareness 

The vehicle information for generating the arrival table includes the requested phases and 

estimated time of arrival (ETA). The requested phase is calculated by locating vehicles 

on the map based on the current vehicle location. Under high traffic demand, left turn 

vehicles which stop in the through movement lanes due to left turn bay spillback are 

considered as through movement vehicles. Their requested phase is calculated as through 

movement phase. The arrival table underestimates number of vehicles for the left turn 

phase and overestimates number of vehicles for through movement phase. A similar 

situation occurs when a right turn vehicle, which may not need to request a phase, is in 

the through movement lane. However, the BSM Part I that is currently being applied 

doesn’t have any information regarding to vehicle routing or vehicle turning indication. 



234 
 

Further development can utilize BSM Part II or other types of DSRC messages to 

determine the requested phase once a vehicle enters the DSRC range.  

ETA is calculated simply as the distance to the stop bar divided by current vehicle speed. 

The calculation is fine when a vehicle is in free flow stage. When the vehicle slows down 

to join the queue, the ETA should be estimated by incorporating more vehicle dynamics 

and queue dynamics. 

 

9.3.2 Phase Allocation Algorithm 

The penetration rate is an input parameter of the phase allocation and EVLS algorithm 

which can be considered as an average penetration rate over time. Due to the stochastic 

nature of vehicle arrivals, the penetration rate is changing all the time. Variation of 

penetration rates greatly affect the estimation of ELVS algorithm and further influence 

the phase allocation algorithm. An algorithm which estimates penetration rate in a short 

time period (e.g. one cycle) could be developed. The total vehicle volume from system 

detector can be combined with number of vehicles in the active list of trajectory 

awareness component to estimate the real-time penetration rate. 

The current formulation doesn’t consider accumulated vehicle delay. When planning the 

algorithm, if a vehicle’s speed is less than 1 m/s, it is considered as a queuing vehicle 

regardless of its stopping time. However, there is difference in terms of accumulative 

delay if the vehicle has stopped for 1 second or the vehicle has stopped for 20 seconds. 

Adding accumulative delay to the formulation may help achieve better solution if the 

objective is total delay minimization. 
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The current formulation only considers the dual-ring barrier structure commonly used in 

North America. It would be interesting to model other signal control structures, such as 

stage based controllers, which are widely deployed in European countries. In addition, 

only protected left-turn phases are considered in the implementation. If permissive left 

turn is allowed, especially under light traffic demand, the solution of the phase allocation 

algorithm may be different due to different left-turn queue length. 

 

9.3.3 EVLS 

The errors of EVLS algorithm under low penetration rate significantly influence the 

performance of the phase allocation algorithm. The main reason is that under low 

penetration rate, some regions have no connected vehicles. The current EVLS is not able 

to insert any unequipped vehicle unless there is at least one connected vehicle in each 

region. Further research could consider combining other source of data to determine the 

existence of unequipped vehicle. 

In the free flow region, the algorithm inserts vehicle with random location and speed 

based on the number of connected vehicles and penetration rate. When the penetration 

rate is low, it may not reflect the true vehicle numbers. For example, under 1% 

penetration rate, one connected vehicle in the region certainly doesn’t mean there are a 

total 100 vehicles in the region. The total number of vehicles should be constrained by 

the traffic demand and road capacity. In addition, a new traffic flow model needs to be 

proposed to estimate vehicle location and speed of unequipped vehicles in this region 

accurately. 
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Traffic parameters of both the phase allocation algorithm and EVLS algorithm are 

currently calibrated for passenger vehicles. Different vehicle types such as trucks or 

buses have different vehicle dynamics. These parameters include startup lost time, 

saturation flow rate, vehicle acceleration rate, vehicle deceleration rate, vehicle size, 

queuing dynamics, car following behavior, and lane changing behavior etc. All 

parameters should be calibrated for different modes of vehicles. Or, in a connected 

vehicle environment, these parameters could be learned by each vehicle and send to the 

RSE to be considered in the traffic control algorithms.  

 

9.3.4 Dilemma Zone Protection 

The analytical model of NVDZ estimation assumes uniform arrival at the upstream 

intersection. The stochastic nature of the arrival patterns at entrance links may result in 

different arrival types at the downstream intersection. As a result, the value of NVDZ 

may vary with different arrival types. Further research could include a non-homogenous 

stochastic process (e.g. Poisson Process) with different arrival rates to model the demand 

fluctuation.  

The integration of dilemma zone protection with connected vehicle based signal control 

is just a proof of concept. This model requires 100% penetration rate of connected 

vehicles to estimate the vehicle position at yellow onset. If a dilemma zone exists at the 

end of green time, the vehicles should be in the free flow region with high approach 

speed. Under lower penetration rates, the EVLS algorithm should be run to estimate the 

location and speed of unequipped vehicles. As discussed in previous section, an improved 
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EVLS algorithm that can accurately estimate the position and speed of unequipped 

vehicles in the free flow region needs to be developed. 

 

9.3.5 Integration with Signal Priority 

Results from the integrated adaptive algorithm show that with additional constraints 

(feasible set) from signal priority algorithm, the flexibility of the phase allocation 

algorithm is be limited. One reason is that the 300m of DSRC range only makes 20-30 

seconds of ETA of priority vehicles. Further research can investigate how to increase the 

ETA using non-DSRC communications to enlarge the feasible set and make more 

flexibility for the phase allocation algorithm. In addition, the integration framework 

should be tested and evaluated at the network level. 

 

9.3.6 Field Implementation 

Due to limited number of OBEs, it is difficult to test the phase allocation algorithms in 

the field. It is hoped that the proposed algorithms can be implemented in a test facility 

where the penetration rate of connected vehicles can reach more than 25%. The field 

deployment, calibration and evaluation is very important to proof the effectiveness of the 

proposed algorithms in a real-world environment. 
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Appendix A: MAP Description File – Gavilan Peak & 
Daisy Mountain 
 
MAP_Name Daisy_Gav.nmap 
RSU_ID Daisy_Gav 
IntersectionID 1 
Intersection_attributes 00110011    /*elevation: Yes, lane width: Yes, Node date 16 bits, 
node offset solution: cm, geometry: Yes, navigation: Yes*/ 
Reference_point 33.8429408  -112.1352055 5350   /*lat, long, 
evelation(decimeter)*/ 
No_Approach 8 
Approach 1 
Approach_type 1                    /*1: approach, 2: engress*/ 
No_lane 3 
Lane 1.1 
Lane_ID 1 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000000101010    /*not egress path, straight and right turn 
permitted, turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 8 
1.1.1 33.8431696 -112.1353224 
1.1.2 33.8434774 -112.1353437 
1.1.3 33.8438323 -112.1353991 
1.1.4 33.8444039 -112.1355749 
1.1.5 33.8451492 -112.1360386 
1.1.6 33.8458580 -112.1366679 
1.1.7 33.8467824 -112.1373606 
1.1.8 33.8477167 -112.1378525 
No_Conn_lane 2 
6.1 4     /*Lane 3.1, Straight head */  
8.1 3     /*Lane 4.1, Right Turn */ 
end_lane 
Lane 1.2 
Lane_ID 2 
Lane_type 1 
Lane_attributes 0000000001100010    /*not egress path, straight permitted, no u-
turn */ 
Lane_width 365 
No_nodes 8 
1.2.1 33.8431764 -112.1352686 
1.2.2 33.8434765 -112.1353073 
1.2.3 33.8438387 -112.1353569 
1.2.4 33.8444167 -112.1355321 
1.2.5 33.8451668 -112.1360031 
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1.2.6 33.8458773 -112.1366308 
1.2.7 33.8467969 -112.1373230 
1.2.8 33.8477313 -112.1378162 
No_Conn_lane 1 
6.2 4     /*Lane 3.2, Straight head */   
end_lane 
Lane 1.3 
Lane_ID 3 
Lane_type 1 
Lane_attributes 0000000001100100    /*not egress path, left turn permitted, no u-
turn */ 
Lane_width 365 
No_nodes 3 
1.3.1 33.8431898 -112.1351964 
1.3.2 33.8434776 -112.1352271 
1.3.3 33.8438435 -112.1353141 
No_Conn_lane 1 
4.1 2     /*Lane 4.1, Left turn */  
end_lane 
end_approach 
Approach 2 
Approach_type 2                    /*1: approach, 2: engress*/ 
No_lane 2 
Lane 2.1 
Lane_ID 4 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet*/ 
No_nodes 8 
2.1.1 33.8432011 -112.1351319 
2.1.2 33.8434776 -112.1351605 
2.1.3 33.8438497 -112.1352225 
2.1.4 33.8444425 -112.1354401 
2.1.5 33.8452071 -112.1359128 
2.1.6 33.8459196 -112.1365366 
2.1.7 33.8468263 -112.1372213 
2.1.8 33.8477607 -112.1377204 
No_Conn_lane 0     /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 2.2 
Lane_ID 5 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
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No_nodes 8 
2.2.1 33.8432066 -112.1350907 
2.2.2 33.8434768 -112.1351143 
2.2.3 33.8438515 -112.1351818 
2.2.4 33.8444532 -112.1354009 
2.2.5 33.8452233 -112.1358807 
2.2.6 33.8459371 -112.1365005 
2.2.7 33.8468394 -112.1371844 
2.2.8 33.8477741 -112.1376817 
No_Conn_lane 0     /* no connected lane because it is a engress lane*/ 
end_lane 
end_approach 
Approach 3 
Approach_type 1                    /*1: approach, 2: engress*/ 
No_lane 5 
Lane 3.1 
Lane_ID 6 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000000111000    /*not engress path, right-turn permitted, 
yield, turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 2 
3.1.1 33.8431382 -112.1349523 
3.1.2 33.8431582 -112.1346514 
No_Conn_lane 1      
2.2 3     /*Lane 2.2, Right turn */ 
end_lane 
Lane 3.2 
Lane_ID 7 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
3.2.1 33.8430894 -112.1349488 
3.2.2 33.8431114 -112.1346463 
3.2.3 33.8431517 -112.1340837 
3.2.4 33.8431997 -112.1334985 
3.2.5 33.8432431 -112.1328550 
3.2.6 33.8432802 -112.1323663 
3.2.7 33.8433159 -112.1319029 
No_Conn_lane 1      
8.1 4     /*Lane 8.1, Straight */ 
end_lane 
Lane 3.3 
Lane_ID 8 
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Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
3.3.1 33.8430540 -112.1349466 
3.3.2 33.8430763 -112.1346428 
3.3.3 33.8431171 -112.1340816 
3.3.4 33.8431633 -112.1334942 
3.3.5 33.8432142 -112.1328517 
3.3.6 33.8432489 -112.1323636 
3.3.7 33.8432820 -112.1319002 
No_Conn_lane 1      
8.2 4     /*Lane 8.2, Straight */ 
end_lane 
Lane 3.4 
Lane_ID 9 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
3.4.1 33.8430187 -112.1349437 
3.4.2 33.8430442 -112.1346394 
3.4.3 33.8430848 -112.1340795 
3.4.4 33.8431309 -112.1334922 
3.4.5 33.8431820 -112.1328476 
3.4.6 33.8432166 -112.1323595 
3.4.7 33.8432498 -112.1318975 
No_Conn_lane 1      
8.3 4     /*Lane 8.3, Straight */ 
end_lane 
Lane 3.5 
Lane_ID 10 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001110100    /*not engress path, left permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 3 
3.5.1 33.8429492 -112.1349325 
3.5.2 33.8429799 -112.1346320 
3.5.3 33.8430372 -112.1340776 
No_Conn_lane 1      
6.2 2    /*Lane 6.2, Left turn */ 
end_lane 
end_approach 
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Approach 4 
Approach_type 2                    /*1: approach, 2: engress*/ 
No_lane 3 
Lane 4.1 
Lane_ID 11 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
4.1.1 33.8429010 -112.1349296 
4.1.2 33.8429257 -112.1346255 
4.1.3 33.8429644 -112.1340767 
4.1.4 33.8430094 -112.1334783 
4.1.5 33.8430560 -112.1328307 
4.1.6 33.8430959 -112.1323493 
4.1.7 33.8431286 -112.1318916 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 4.2 
Lane_ID 12 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
4.2.1 33.8428642 -112.1349256 
4.2.2 33.8428925 -112.1346211 
4.2.3 33.8429315 -112.1340754 
4.2.4 33.8429781 -112.1334732 
4.2.5 33.8430235 -112.1328263 
4.2.6 33.8430629 -112.1323462 
4.2.7 33.8430950 -112.1318885 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 4.3 
Lane_ID 13 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
4.3.1 33.8428323 -112.1349218 
4.3.2 33.8428591 -112.1346168 
4.3.3 33.8429002 -112.1340742 
4.3.4 33.8429459 -112.1334691 
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4.3.5 33.8429909 -112.1328221 
4.3.6 33.8430303 -112.1323432 
4.3.7 33.8430634 -112.1318859 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
end_approach 
Approach 5 
Approach_type 1                    /*1: approach, 2: engress*/ 
No_lane 4 
Lane 5.1 
Lane_ID 14 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100100    /*not egress path, left permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 3 
5.1.1 33.8426804 -112.1351622 
5.1.2 33.8423323 -112.1351466 
5.1.3 33.8419788 -112.1350981 
No_Conn_lane 1      
8.3 2    /*Lane 8.3, Left turn */ 
end_lane 
Lane 5.2 
Lane_ID 15 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not egress path, left permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 9 
5.2.1 33.8426850 -112.1350861 
5.2.2 33.8423323 -112.1350643 
5.2.3 33.8419797 -112.1350482 
5.2.4 33.8414066 -112.1350652 
5.2.5 33.8407512 -112.1352137 
5.2.6 33.8400770 -112.1355026 
5.2.7 33.8393485 -112.1360278 
5.2.8 33.8387132 -112.1367453 
5.2.9 33.8380366 -112.1377007 
No_Conn_lane 1      
2.1 4    /*Lane 2.1, Straight */ 
end_lane 
Lane 5.3 
Lane_ID 16 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not egress path, straight permitted, no turn 
on red, no u-turn */ 
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Lane_width 365      /* in centimeter =12 feet 
No_nodes 9 
5.3.1 33.8426886 -112.1350463 
5.3.2 33.8423317 -112.1350253 
5.3.3 33.8419801 -112.1350044 
5.3.4 33.8414081 -112.1350264 
5.3.5 33.8407461 -112.1351733 
5.3.6 33.8400680 -112.1354663 
5.3.7 33.8393328 -112.1359922 
5.3.8 33.8386928 -112.1367145 
5.3.9 33.8380175 -112.1376693 
No_Conn_lane 1      
2.2 4    /*Lane 2.2, Straight */ 
end_lane 
Lane 5.4 
Lane_ID 17 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000000111000    /*not egress path, right permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 2 
5.4.1 33.8426951 -112.1349918 
5.4.2 33.8423306 -112.1349676 
No_Conn_lane 1      
4.3 3    /*Lane 4.3, right turn */ 
end_lane 
end_approach 
Approach 6 
Approach_type 2                    /*1: approach, 2: engress*/ 
No_lane 2 
Lane 6.1 
Lane_ID 18 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 9 
6.1.1 33.8426741 -112.1352729 
6.1.2 33.8423321 -112.1352513 
6.1.3 33.8419801 -112.1352359 
6.1.4 33.8414022 -112.1352401 
6.1.5 33.8407680 -112.1353608 
6.1.6 33.8401121 -112.1356476 
6.1.7 33.8394079 -112.1361541 
6.1.8 33.8387952 -112.1368640 
6.1.9 33.8381254 -112.1378031 
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No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 6.2 
Lane_ID 19 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 9 
6.2.1 33.8426767 -112.1352262 
6.2.2 33.8423322 -112.1352121 
6.2.3 33.8419800 -112.1351883 
6.2.4 33.8414018 -112.1351989 
6.2.5 33.8407625 -112.1353226 
6.2.6 33.8401018 -112.1356098 
6.2.7 33.8393883 -112.1361182 
6.2.8 33.8387725 -112.1368310 
6.2.9 33.8381035 -112.1377706 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
end_approach 
Approach 7 
Approach_type 1                    /*1: approach, 2: engress*/ 
No_lane 5 
Lane 7.1 
Lane_ID 20 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001110100    /*not engress path, left-turn permitted, yield, 
no turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 2 
7.1.1 33.8429302 -112.1354272 
7.1.2 33.8428636 -112.1361080 
No_Conn_lane 1      
2.1 2     /*Lane 2.1, Left turn */ 
end_lane 
Lane 7.2 
Lane_ID 21 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
7.2.1 33.8428654 -112.1354214 
7.2.2 33.8428135 -112.1361033 
7.2.3 33.8427284 -112.1371296 
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7.2.4 33.8425319 -112.1381276 
7.2.5 33.8421312 -112.1392849 
7.2.6 33.8417334 -112.1405642 
7.2.7 33.8415676 -112.1416605 
No_Conn_lane 1      
4.1 4     /*Lane 4.1, Straight */ 
end_lane 
Lane 7.3 
Lane_ID 22 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
7.3.1 33.8428326 -112.1354178 
7.3.2 33.8427817 -112.1361002 
7.3.3 33.8426974 -112.1371231 
7.3.4 33.8425013 -112.1381152 
7.3.5 33.8421005 -112.1392649 
7.3.6 33.8417018 -112.1405498 
7.3.7 33.8415360 -112.1416550 
No_Conn_lane 1      
4.2 4     /*Lane 4.2, Straight */ 
end_lane 
Lane 7.4 
Lane_ID 23 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100010    /*not engress path, straight permitted, no 
turn on red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
7.4.1 33.8428010 -112.1354142 
7.4.2 33.8427477 -112.1360977 
7.4.3 33.8426653 -112.1371154 
7.4.4 33.8424691 -112.1381003 
7.4.5 33.8420734 -112.1392453 
7.4.6 33.8416709 -112.1405380 
7.4.7 33.8415027 -112.1416507 
No_Conn_lane 1      
4.3 4     /*Lane 4.3, Straight */ 
end_lane 
Lane 7.5 
Lane_ID 24 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001111000    /*not engress path, right turn permitted, 
yeild, turn on red, no u-turn */ 
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Lane_width 365      /* in centimeter =12 feet 
No_nodes 2 
7.5.1 33.8427514 -112.1354085 
7.5.2 33.8427004 -112.1360939 
No_Conn_lane 1      
6.1 3     /*Lane 6.1, Straight */ 
end_lane 
end_approach 
Approach 8 
Approach_type 2                    /*1: approach, 2: engress*/ 
No_lane 3 
Lane 8.1 
Lane_ID 25 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
8.1.1 33.8430543 -112.1354386 
8.1.2 33.8429994 -112.1361246 
8.1.3 33.8429109 -112.1371694 
8.1.4 33.8427083 -112.1381982 
8.1.5 33.8423043 -112.1394037 
8.1.6 33.8419244 -112.1406316 
8.1.7 33.8417790 -112.1416925 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 8.2 
Lane_ID 26 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
8.2.1 33.8430190 -112.1354348 
8.2.2 33.8429646 -112.1361202 
8.2.3 33.8428790 -112.1371606 
8.2.4 33.8426796 -112.1381817 
8.2.5 33.8422668 -112.1393744 
8.2.6 33.8418905 -112.1406170 
8.2.7 33.8417423 -112.1416862 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
Lane 8.3 
Lane_ID 27 
Lane_type 1        /*1 to 5, for this intersection all 1: motorized vehicle lane */ 
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Lane_attributes 0000000001100011    /*egress path, straight permitted, no turn on 
red, no u-turn */ 
Lane_width 365      /* in centimeter =12 feet 
No_nodes 7 
8.3.1 33.8429844 -112.1354310 
8.3.2 33.8429334 -112.1361169 
8.3.3 33.8428492 -112.1371516 
8.3.4 33.8426475 -112.1381667 
8.3.5 33.8422380 -112.1393535 
8.3.6 33.8418552 -112.1406033 
8.3.7 33.8417100 -112.1416820 
No_Conn_lane 0    /* no connected lane because it is a engress lane*/ 
end_lane 
end_approach 
end_map 
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